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INTRODUCTION. 
TIIE term “ Crust of the Earth ” is a heritage from the days 
when the interior of the earth was generally conceived to be a 
“ sea of molten rock,” at an enormously high temperature, covered 
by a relatively thin, solid crust of cooled matter. Various cogent 
reasons, into the consideration of which we cannot enter here, 
have led to the abandonment of this concept, and we now have 
reason to hold the following tenets as to the conditions that obtain 
in the earth’s interior : 
I. The interior is essentially--or, at least, behaves essentially 
like-a rigid solid, though possibly a certain amount of viscosity 
may be granted. 
2. It is hot, but of an unknown temperature, and probably 
increases in temperature toward the centre, with a gradient that 
is unknown beyond very moderate depths, and that is probably 
very different in different places. 
2. It is of a density greater than that of the “crust,” inas- 
* Based on a paper presented at a meeting of the Section of Physics 
and Chemistry held Thursday, March 4, Igzo. 
[Note.-The Franklin Institute is not responsible for the statements and opinions advanced 
by contributors to the JWWAL.] 
758 HENRY S. WASHINGTON. [J. F. I. 
much as the mean density of the earth as a whole is about 5.55, 
while that of the crust is about 2.77, as will be shown later. 
4. The earth, as a whole, acts in many respects as a magnet, 
and as the rocks of the crust in general are not notably magnetic, 
this may be attribut,ed to the characters or composition of the 
interior materials. 
5. From the study of the propagation of earthquakes, we are 
led to believe that there is a change in the physical properties at 
about 0.5 of the radius in depth, the matter below this not trans- 
mitting transverse vibrations. Studies on the compressibility of 
rocks by Adams and Williamson, in the Geophysical Laboratory, 
indicate that the high density of the interior cannot be explained 
by compressibility, so that we have reason to think that there is 
also, toward the centre, a change in actual substance. 
6. It has been often suggestecl, and is more or less commonly 
believed, from consideration of the density and magnetic charac- 
ter of the earth, and from the composition of many meteorites, 
that part, at least, of the interior is composed essentially of iron, 
or of nickel-iron alloy similar to those which constitute the 
iron meteorites. 
Leaving the interior of the earth, for the present, we may 
concentrate our attention on the outer shell-the so-called “ crust ” 
-which is the only portion that is directly open to our study, and 
which has been compared, with some justice, to a covering of slag 
or scoria over the interior. In dealing with this, we shall consider 
only its chemical characters, with, towards the end of the paper, 
some relations between these and the densities of rocks. 
The thickness of this crust is, of course, unknown, probably 
not uniform, and presumably indeterminate. Following Dr. F. W. 
Clarke, we may as’sume, for purposes of computation, an approxi- 
mate thickness of IO miles (16 kilometres), this being about the 
(minimum) aggregate thickness of all known rocks and deposits 
of the various geological ages that have become exposed to our 
observation and study, through movements in the crust. Inci- 
dentally, it about equals the sum of the highest land elevation 
and the greatest oceanic depth, though no causal nexus is apparent. 
This solid crust is made up almost wholly of igneous rock, 
that is, rock that has solidified from a hot, liquid (“ molten “) 
condition, either as “ plutonic ” rocks, at different depths be- 
neath the surface, or in the form of lava flows at the surface. 
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Assuming a thickness of ten miles, Dr. Clarke 1 has estimated 
the rock composition of the crust to be about as follows : 
Igneous rocks . . . . . . . . . . 95.0 per cent. 
Shales............................. 4.0 per cent. 
Sandstones . . . . . . . . . 0.75 per cent. 
Limestones . . . . . . . . . . , 0.25 per cent. 
100.00 
Such masses as coal beds, or salt and ore deposits, are of negli- 
gible magnitude in studying the chemistry of the crust as a whole, 
as it is purposed to do here, though their pres’ence is of some 
significance. The amount of the coating of soil is absolutely negli- 
gible from this point of view. 
When we take into consideration the oceans and the atmos- 
phere, Clarke estimates the lithosphere at 93 per cent., the hydro- 
sphere at 7 per cent., and the atmosphere at 0.03 per cent., of the 
complex crust. In the following pages, however, the hydrosphere 
and the atmosphere, and the sedimentary rocks will not be taken 
into account, and we shall consider the “ crust ” as made up wholly 
of igneous rocks. This is the more justifiable, for our present 
purposes, because the material of the sedimentary rocks has been 
derived entirely, ,either directly or indirectly, from preexisting 
igneous rocks, while the metamorphic rocks (gneisses, schists, 
etc.,) have been formed from either igneous or sedimentary rocks. 
When we consider, then, only the igneous r’ocks of the earth, 
as a whole, we know that they are not all alike, but show wide 
differences in their characters, chemical and physical. There are 
here two main questions regarding them to be considered. 
The first is : What is the average chemical composition of the 
igneous rocks of the crust ? The answer to this is of considerable 
importance for the investigation of th,e constitution of the earth, 
and is also of interest in the study of the rocks themselves-the 
science of petrology. 
The second question is: Do the igneous rocks, taken as a 
whol,e, show sensible uniformity as to general characters, or do 
they differ noticeably in different portions of the earth’s surface? 
That is, is the earth’s crust sensibly alike or unlike? 
’ Clarke, F. W. : “ The Data of Geochemistry.” U. S. Grol. Survey, Bull. 
No. 695, p. 33, 1920. The proportion of igneous rock would he still greater 
with greater assumed thickness of crust. 
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Attempts to answer these questions, with some consequences 
that seem to follow from their consideration, will form the chief 
topics of this paper. 
GENERAL CHARACTERS OF IGNEOUS ROCKS. 
For present purposes we cannot go deeply into the characters 
of igneous rocks, nor discuss them all-a subject that has pro- 
duced a very voluminous literature. It is’ needful here to present 
only ,some of the salient and pertinent facts. 
Igneous rocks, as has been said, are those that have solidified 
from a state of fusion, or rather liquidity, as the term fusion 
implies a previous solid condition. The liquid matter, that even- 
tually solidifies as a rock, is called technically the “ magma “-a 
term that is in frequent use in petrology. 
The magma comes up from below ; from what depth we do not 
know, though there is some reason for thinking that the places 
of origin are not very deep. I\u’or do we know whether it arises 
from the melting of portions of the earth that are actually solid 
but potentially liquid on relief of pressure, or whether it is, in 
general, d,erived from “ reservoirs ” of liquid magma. 
The igneous magma may be compared, as it usually is, to a 
complex solution of salts in water. This idea, which was first 
suggested by Bunsen in 1861, is of grea,t importance, and has 
been very fruitful in our study of the origin, formation, and 
characters of igneous rocks. 
Among other things, it may b’e mentioned here that the magma 
contains various gases in solution, much as air is present in solu- 
tion in spring water, or, rather more appropriately, as carbon 
dioxide is present in the waters of many mineral springs, so that 
it escapes on relief of pressure. 
Of these gases, by far the most important, and generally the 
mo8st abundant, is water vapor. This forms thse major part of 
the clouds that are given off during volcanic eruptions, and: with 
other gases,, produces the sponge-like structure of pumice and the 
cavities of vesicular lavas through expansion, caused by relief of 
pressure on reaching the surface. In some glassy lavas water is 
present to the extent 0.f several per cent., the magma having solidi- 
fied so rapidly as not to permit of its escape, and inclusions of 
visible water and liquid carbon dioxide are present in th,e crystals 
of many granites and other rocks. The presence of water in 
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volcanic magmas has been doubted by Brun and others following 
him, but its existence in lavas, especially th.ose of Kilauea, has. been 
shown conclus’ively by the researches of Day and Shepherd,2 is 
shown by practically every rock anallsis, and in other ways, so 
that the existence of water in magmas may be regarded as one of 
the established truths of the chemistry of igneous rocks. 
Besides water, other gases are often present in volcanic ex- 
halations, such as, carbon dioxide, carbon monoxide, hydrogen 
chloride, sulphur trioxide and dioxide, hydrogen sulphide, hydro- 
gen fluoride, ammonia, methane and possibly other hydrocarbons, 
sulphur vapor, hydrogen, nitrogen, or oxygen. The study of 
these and the bearing of their interreactions on the maintenance, 
and possibly the partial production, of volcanic heat, is an inter- 
esting subject. 
The presence of these gases in th,e magma lowers its s’olidifica- 
tion point, so that a lava, on coming to the surface, may be, and 
usually is, liquid at a temperature considerably below the fusing 
point of the solid rock formed from it, during which solidification 
much, if not most, of the dissolved gas is lost: Either bsecaus,e of 
this, or because of the lessened viscosity, or in some other way that 
is not yet well understood, the gases contained in the magma seem 
to promote the crystallization of minerals, so that they are often 
ref,erred to as “ mineralizers.” These gases also play an im- 
portant part in the formation of many ore bodies. 
The magma on solidification generally forms a mixture of 
minerals, substances of definite chemical composition and physi- 
cal characters, just as a solution of salts in water (such as sea 
water), forms a mixture of crystals of salts and ice on freezing. 
The exception to this is when the cooling of the magma takes 
place too rapidly for complete, or (as with the obsidians) any, 
crystallization, in which case the rock is, composed partly or 
wholly of glas’s. Such glassy rocks are found only as surface flows. 
MINERAL CONSTITUENTS OFROCKS. 
It is a very important and striking fact that, although about 
one thousand different minerals are known, yet the number of the 
different kinds that compose by far the great majority of igneous 
rocks-certainly over 99 per cent. by weight of these-is very 
'Day and Shepherd, Bdl. Geol. Sac. Amer., xxiv, 573, 1913 
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small. Indeed, the really important and essential igneous rock- 
forming minerals number only about a do,zen. 
These essential minerals are : quartz, silicon dioxide; the feld- 
spars, silicates of alumina 2nd potash, soda, or lime, including the 
potassic orthoclase, the sodic albite, and thee calcic anorthite, with 
isomorphous mixtures of these; the pyroxenes, metasilicates of 
calcium, magnesium, and iron, with alumimim or sodium in some 
cases; the amphiboles, in chemical composition much like the 
pyroxenes’, but differi!lg in tryst+ form and otherwise; the micas. 
alumino-silicates, for the most part the potassic muscovite or the 
potassium-iron-magnesium biotite, both containing hydroxyl; the 
olivines, orthosiliCates of iron and magnesium; nephelite, an 
orthosilicate of sodium and aluminum; leucite, a metasilicate of 
potassium and aluminum ; magnetite, ferroso-ferric oxide, often 
containing titanium; and apatite, a phosphate of ‘calcium, contain- 
ing a little fluorine or chlorine. Magnetite and apatite are pres- 
ent in almost all rocks, but seldom in more than almost negli- 
gible amounts. 
Other minerals are not infrequently met with in certain types 
of igneous rocks, such as the silicates sodalite, hauyne, melilite, 
zircon, and garnet, and the oxides tridymite (a second form of 
silica), ilmenite, chro,mite, s.pinel, corundum, and rutile. But, 
considering igneous rocks from the standpoint of a study of the 
whole crust of the earth, these are practically negligible. Igneous 
rocks, then, in general, and looked at in the broadest way, are 
constituted almost wholly of a very few silicates of aluminum, 
iron, calcium, magnesium, sodium, potassium, and hydroxyl, 
with or without quartz (that is, excess of silica), with small 
amounts of a phosphate and of iron o’xide, and with or without 
traces of other constituents. It is also to be noted that some of the 
essential minerals enumerated above (the pyroxenes, amphiboles, 
micas, olivines,, and the magnetites), co,ntain small amounts of 
manganese and titanium. From such a general survey of the 
rock-forming minerals, then, we obtain the broad lines of the 
chemical composition of the earth’s crust as a whole. 
Another important fact concerning the igneous rock minerals 
is that, with two exceptions, any one of them may occur in 
rocks with any one or more of the others. The only exceptions 
to this are that neither nephelite nor leucite is known to occur 
along with quartz, and a partial exception is that olivine seldom 
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occurs with quartz, and never in any large amount. Discussion of 
this and other relations between the various minerals would lead 
to a consideration of matters outside of our present scope, and 
would take us too far afield. 
Each rock mineral may be present in very widely varying 
proportions-from prwtical totality to complete absence. We 
know igneous rocks that arc composed entirely of quartz (arizo- 
nite) , feldspar (anorthosite) , pyroxene (websterite) , amphibole 
(hornblendite) , or olivine (dunite) , and almost entirely of nephe- 
lite (congressite), leucite (italite): , or magnetite (some iron ores). 
Of the essential rock minerals, only the micas and apatite do not 
form the whole, or almost the whole, of any igneous rock. 
From totality of any one mineral we find rocks that are com- 
posed of two minerals, more that are composed of three, and still 
more that are composed of more than three, and with the widest 
possible variations in the proportions of almost all, with the excep- 
tions noted above as to the non-coexistence of quartz with nephe- 
lite and leucite, and its rarity with olivine. 
CHEMICAL CONSTZTUENTS OF IGNEOUS ROCKS. 
From what has been said it would appear that the various 
oxides (in terms of which the chemical composition of rocks is 
usually formulated) may be present in widely different amounts; 
and, within limits, this is found to be true. All of the constituent 
oxides have very considerable quantitative ranges, but these differ 
much with the different oxides. Their possible or recorded 
maxima are also very different, though in every case the minimum 
is reached with complete absence. These ranges and maxima 
will be stated later, after a brief discussion of the oxides that go 
to make up the igneous rocks. 
Though, as we have seen, most igneous rocks are composed 
of but few essential minerals, and consequently of but few so- 
called “ major ” oxides, yet when we come to study them in 
detail we find that a very considerable number of different chemi- 
cal constituents may be present in the different rocks. _4ltogether, 
about twenty-three are to be found, and are more or less com- 
monly determined and recorded among the better class rock 
analyses. Indeed, as has been said by Dr. W. F. Hillebrand, the 
foremost analyst of rocks, “ a sufficiently careful examination of 
these [igneous] rocks would show them to contain all, or nearly all, 
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the known elements, not necessarily all in a given rock, but more 
than anyone has yet found.” Proper study, therefore, of the 
chemistry of igneous rocks, and their chemical analysis, if this 
be complete as to the determination of all the constituents prob- 
ably present, is evidently a somewhat complicated matter, and one 
not without difficulties of various kinds. 
From the many chemical analyses of rocks that have been 
made since this was first attempted very early in the nineteenth 
century, (the total number of published ro’ck analyses now num- 
bering about 12,000), we have a good idea of what chemical con- 
stituents make up rocks, their relative abunda,nce, and thfeir 
various ranges in perc’entage. 
By far the most important and b oenerally th,e most abundant 
are what are called the “ major ” constituents. These are nine in 
number and, stated as oxides, are : silica (SiO,), alumina 
(Al,O,), ferric oxide (Fe,O,), ferrous oxid,e (FeO), magnesia 
(MgO), lime (CaO), soda (Na,O), potash (K,O), and water 
(H,O) .3 Together these nine oxides make up about g8 per cent. 
of igneous rocks, and all of them are present in greater or less 
amount in practi’cally every rock, so that the amount of each must 
be determined in every chemical analysis of a rock that makes the 
slightest pretense to good quality. 
As the most abundant and essential rock minerals are either 
silica or silicates, and as all igneous rocks, with the exception of 
some rare and small iron ore bodies of magmatic origin, are 
consequently silicate rocks, silica shows easily the highest maxi- 
mum and the widest range, both in extremes and in the usual 
run of occurrence. A few igneous rocks are known that are 
composed almost entirely of quartz,4 and the highest silica per- 
centages recorded for igneous rocks are 98.77 and 97.65, in rocks 
from the Transvaal; while one from Cumberland (England), 
the border facies of a granitic mass, shows 96.16, one from 
Massachusetts shows 93.35, and one from Arizona 92.59. In 
general, howsever, the percentage of silica ranges from about 75 
to about 34, and it drops to zero only in some “ magmatic ” iron- 
ore bodies. In almost all rocks it is the most abundant constituent. 
‘This order is not quite that of relative abundance, but that which is 
commonly used in the statement of rock analyses. 
* Quartz veins are not considered here, as they are usually of non-igneous 
origin, at least in the commonly accepte’d sense. 
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Alumina, which is almost invariably thme next most abundant 
constituent, reaches a maximum of about Go per cent. in some 
corundum-bearing syenites from Canada and the Urals, and 
has a general range from about 20 to about. IO. It is wholly 
absent only in the “ magmatic ” ores, and in some rocks that are 
composed entirely, or almost so, of olivine. The two oxides 
of iron reach, of cours,e, their maxima in such rocks as the iron 
ores already spoken of; 6 the highest figures recorded for Fe,O, 
b,eing 88.41 (Sweden) and 62.39 (Ontario), while for Fe0 they 
are 34.58 (Sweden) and 32.92 (Minnesota). Their general range 
is from nearly I 5 for each (Fe0 generally higher than Fe,O,) , 
and but little more than that for both together in any one rock, 
to less than one-half of one per cent. Iron is seldom en- 
tirely absent. 
Magnesia reaches its maximum in the almost purely olivine 
rocks (dun&es) of North Carolina, 48.58, and of New Zealand, 
47.38, but its general range is from about 25 to much less than 
I per cent. Lime is highest (22.52) in some pyroxenites of the 
Urals, and almost as high (about 20) in the anorthosites of 
Canada and elsewhere, but it ranges in general from about 15 
to nearly zero. 
Of the two alkalies, soda reaches a maximum of 19.45 in a 
rare rock from Canada, and of 18.67 in another from Turkestan; 
but its general range is from about 15 per cent. down to nearly 
zero. It is hardly ever entirely absent. Potash shows a some- 
what smaller range than soda, its maximum being 17.94 in a 
recently discovered lava from Italy, the next highest figure being 
11.91 from Wyoming; but in general it seldom gets above IO 
per cent., ranging from that down to zero. Its amount is gener- 
ally less than that of soda. 
As regards water, the last of the major constituents, a few 
volcanic glasses are known which, although perfectly fresh and 
undecomposed, contain up to 8 or IO per cent., and there are 
some fresh crystalline rocks that contain from 3 to 5 per 
cent. Generally, however, if a ro’ck contains more than ab’o’ut 
2 per cent. of H,O, this can usually be attributed to alteration, 
though f,ew rocks are quite free from this constituent. 
After the major come the “ minor ” constituents, which are 
‘It is a question whether all of these ore bodies are to be considered 
as really igneous rocks, though scme undoubtedly are. 
VUL. 19, NO. 1140--57 
766 HENRY S. WASHINGTON. [J. F. I. 
almost always present in very small amounts, seldom over 2 per 
cent. for any one, or rarely up to 5 per cent. for all of them, in any 
one rock. Of these minor cons’tituents, three are of special im- 
portance, partly because of their almost constant presence, and 
partly blecause they are generally present in larg’est amount. 
Thes’e three are: titanium dioxide, phosphorus pentoxide, and 
manganous o’xide, and all three should be determined in a. goo,d 
rock analys’is. 
Titanium dioxide (TiO,) reaches a maximum in some very 
rare rocks from Virginia (69.67 and 65.90) and Quebec (53.35), 
but as a general thing its percentage is seldom over 5, and is 
mostly from abo,ut 2 to nearly zero, Of the many rocks of all 
kinds that I have analyzed, there has’ not been a single one that 
did no’t contain titanium, in some cases in very small, but always 
in easily determinable, quantity. This is also the experience of 
Doctor Hillebrand,s and probably of every other experienced 
analyst of rocks. 
The maximum for phos’phorus pentoxide (I’,O,) is but a little 
above 16 per cent. in some highly unusual rocks from Sweden and 
Virginia, that are composed largely of apatite, with titaniferous 
magn,etite o’r rutile. In few rocks, however, is it above 3 per cent., 
and its general range is from about I per cent. to zero. It 
does not seem to be present so constantly as titanium (or man- 
ganese), as one occasionally meets with a rock that shows no 
trace of it, though this may be because of the more delicate 
tests for the other two. 
Manganese, as manganous oxide (MnO), is present in prac- 
tically every rock that has been analyzed, but its maximum is 
much lower than those of titanium and phosphorus oxides. Some, 
if not most, of the high figures reported for it are almost cer- 
tainly due to analytical errors, and the highest recorded figures 
tha,t are trustwo’rthy are 1.90 and 1.46 in two rocks from Bahia, 
Brazil. Its general range is from 0.3 per cent. to about zero. 
The other minor constituents that are readily determinabl,e, 
and many of which are indeed determined in good analyses, are 
quite varied. The list is as follows : Carbon dioxide (CO,), 
zirconia (Zr02), chromium sesquioxide (Cr,O:,), vanadium ses- 
quioxide (V,O,) , the “ rare earths ” ( (Ce, Y) ,O,), nickel oxide 
(NiO) , strontia (SrO) , baryta (BaO), lithia ( LizO), sulphur as 
B Hillebrand, W. F.: U. S. Geol. Survey, Bull. No. 700, p. 25, IgIg. 
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both sulphide (S) and sulphur trioxide (SO,), chlorine (Cl), and 
fluorine (F). To these might be added boron, cobalt, copper, 
glucinum, lead, molybdenum, nitrogen, and zinc, which, however, 
are almost always present in such extremely small amount, or 
the analytical difficulties are so great for the separation of the 
small quantities in which they occur, that their determination 
is rarely attempted. 
The maxima and ranges of some of these may be briefly 
stated. Carbon dioxide may be present, as a component of a 
i,ew minerals’ (as in primary calcite and cancrinite), in some unal- 
tered rocks; but its presence is generally due to alteration. In 
one calcite trachyte from Spain its amount is 7.69 per cent., and 
in cancrinite rocks it may reach about I .70, the carbonate minerals 
in these being apparently primary. But it is generally considered 
as a measure of the alteration of the rock by weathering, etc. 
Zirconia is much less abundant than the closely related titania 
and, though it reaches’ a maximum of nearly 5 per cent. in some 
Greenland ro,cks, in general it seldom is over I per cent., is usually 
much less, and is quite absent from most rocks. It forms, by 
the way, one of the most striking illustrations of the correlation of 
the occurrence of different elements in different kinds of rocks, 
as will be brought out later. 
Baryta and strontia are very commonly present, though they 
are seldom determined in analyses made outside of the .United 
States, Canada, and Australia. In almost every case the amount 
of baryta is much greater than that of strontia, this being an excep- 
tion to a general rule as to the occurrence of related elements, to’ be 
mentioned later. They both reach their maxima in certain ex- 
ceptional, highly potassic rocks of Wyoming, of about I per cent. 
for baryta and 0.3 for strontia,; though usually baryta is present up 
to but a few tenths elf one per cent., and strontia in hundredths. 
Sulphur, as iulphides, is present up to about 9 per cent. in 
a peculiar, pyrrhotite-bearing rock from Maine, and probablv in 
similar amounts in some sulphide ore-bodies of magmatic origin 
in Norway, which have not been fully investigated. But, as a 
rule, its amount is seldom over I or 2 per cent., and is usually 
in tenths of a. per cent. The highest figures for Bulphur trioxide 
are about 2.5 per cent. in rocks from Apulia and Kamerun, and 
‘somewhat lower on Tahiti, but these are exceptional, and it is 
usually present only in tenths or hundredths of a per cent. Much 
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the same can be said of chlorine, the highest figures for which are 
those of a rock from Turkestan (about 7), one from Quebec 
(4.47),. and one from French Guinea (2.80). It is present in 
many rocks, especially lavas, but only in a few tenths or hun- 
dredths of a per cent. 
Chromium sesquioxide is known to’ be present up to about 
4 per cent. in some ores from Greece, which are probably of 
magmatic origin, and is reported as between 2 and 3 per cent. in 
some undoubtedly igneous rocks from Baden. But these are 
highly exceptional, and about 0.5 may be taken as its usual maxi- 
mum. It is generally entirely absent. Vanadium sesquioxide is 
always present in much less quantity and is usually quite absent. 
The oxides of the rare earth metals, chiefly ceria and yttria, reach 
a maximum of 1.79 in a rare type of rock from Madras, 0.6 in one 
from Sweden, and 0.4 in one from the islet of Rockall, but the 
usual maximum is only one- or two-tenths of I per cent. They 
are less often determined than they should be. Nickel oxide is 
present in some rocks up to about 0.2 per cent. The maximum 
amount of each of the other minor constituents may be placed at 
not over 0.5 per oent., and they are almost always found only as 
one- or two-tenths, or still more often as hundredths, of a per 
cent., or are absent. Indeed, for most of the minor constituents 
the quantities usually yielded by analysis are so small as to be 
significant only as to their actual presence or ab’sence. 
A few words may be said of boron, glucinum (beryllium), 
and scandium, as these enter into a later phase of the subject. 
The analytical difficulties involved in their determination, for the 
extremely small amounts that are present, are so great that the 
percentage of none of these is recorded for any rock. Yet they 
are all known to be rather widely distributed among the igneous 
rocks, boron in tourmaline, ghicinum in beryl, and bloth in some 
other rarer minerals, while the widespread occurrence of scan- 
dium among igneous rocks, though in very small amounts, has 
been shown spectroscopically.7 
THE AVERAGE IGNEOUS ROCK 
We come now to the consideration of the average chemical 
composition of the earth’s crust, that is, of all igneous rocks. 
Apparently Dr. F. W. Clarke was the first to undertake this 
’ Eberhard, C.: S&b. kg. preuss. Akad. Win., 1go8, p. 851. 
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estimation,s basing his conclusions largely on the numerous 
analyses that had been made by the chemists of the United States 
Geological Survey. Since then he and others, Harker, Mennell, 
Knopf, Mead, and the writer, have published other estimates, 
which, it may be said here, do not differ greatly the one from the 
other. The latest discussion of this subject is to be found in 
the last edition of Clarke’s “ Data of Geochemistry,” Q where 
numerous ref,erences to the literature are given. 
The true estimation of the average chemical composition of 
the igneous rocks is by no means such a simple matter as it may 
appear to be at first thought, and, before we deal with it, it will be 
as well td state very briefly some of the disturbing factors that 
are involved. The matter will b,e treated in greater detail in a 
forthcoming paper by Doctor Clarke and the writer. 
In the first place, we know but little of the exact chemical 
characters of the igneous rocks of many districts of the earth. 
This is true of the great continents of Asia and South America, 
as well as of Africa and Australia, in all of which we have, for 
the most part, a knowledge only of the rocks more or less near 
the coasts, and know only in a general and very imperfect way 
the rocks that constitute the vast expanses of the interior portions. 
The same ignorance, either total or partial, holds true for many 
countries, such as China, Arabia, and even Brazil, India, Egypt, 
and Spain, in which the number of analyses is quite disproportion- 
ate to the number and masses of igneous rocks that are known to 
occur. A most striking example is furnished by the West 
Indies, where, of the igneous rocks of the otherwise well-known 
and readily accessible large islands of Cuba, Jamaica, Porte Rico, 
and Haiti, we do not possess a single analysis. 
Most of the countries of Eurqpe are well represented, but for 
the most part with not very complete analyses. North America 
is well known, especially as to the rocks of the United States and 
southern Canada. The analyses of both these countries are of 
exceptionally high general quality. Parts of Australia, espec.ially 
New South Wales, Victoria, and Queensland, with New Zealand, 
are well represented, as is also British Guiana, and it should be 
said that the analyses of Australian and British Guiana rocks are 
’ Clarke, F. W.: Bull. Phil. Sac. U’asA., xi, p. 131, 1889; also U. S. Geol. 
Surz~y, Bd. 78, p. 34, 1891. 
’ Clarke, F. W.: U. S. Geol. Survey Bull., 695, pp. 24 ff., 1920. 
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almos’t thle only ones that, as a whole, are comparable as. to 
accuracy and completeness with those of the United States, which 
holds a preeminent position ‘thro’ugh the labors of the chemists 
of the United States Geological Survey. 
A second disturbing factor, and one tha,t has been often ad- 
vanced against the validity and representativeness of the estimates 
of the average comp,osition of rocks, is that the true rela- 
tive amounts of various, rocks are not properly represented 
because of the selection of’ material for analysfis. It has 
frequently happened that the petrographer has had analyzed 
rather the rare or most interesiting rock types than tho’se which, 
though much more abundant in the region describ’ed, are of more 
usual chara.cter. While this is often to be expected and, from a 
s’pecial point of view, is almost justifiable, yet it certainly may 
involve a serious disturb’ance in the es#tima,tion o,f the composition 
of the crust as a, whole. This is sol, because the most interesting 
types, often ipso facto, are much less’ abundant tha,n the com’mon 
ones, so that, as regards th#e relative masses of the various kinds of 
ro’cks in any given region, they are dispro,portionately represented. 
It is needless here to give examples, of which there are very many; 
it would lead us too far into the technicalities of petrography. 
Although this objection is serious, and is’ entitled to con- 
sidmeration, yet it would seem, on detailed examination, not to be 
of the overwhelming character that is often attrib,uted to it. 
For one thing, the satellitic rocks of the dikes and other small 
bodies (which are most prone to furnish “ interesting ” types), 
tend to be co8mplementary to each other, through proces’ses of dif- 
ferentiation, and so, as Doctor Clarke says, “ they tend to com- 
pensatio’n, and so to approximate to the true mean.” Also, as 
in a number of examples from many lo8calities that could be cited, 
only the main body or the most prominent types have been 
analyzed, chiefly because of the labor or expense of making 
chemical analyses of rocks’. Again, as I have po’inted out else- 
where, the more “ basic ” rocks, that is, those that are lowest in 
silica and highest in iron oxides, magnesia, and lime, are most 
liable to alteration, so that many of their analyses would be ex- 
cluded from the data selected fo,r our purpose, for which only 
analyses of fresh and unaltered rocks are considered. 
These, and other considerations that might be mentioned, 
tend to minimize the rather prevalent idea that the averages, such 
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as have been calculated in former years by Doctor Clarke and 
me, are not strictly representative, in that the well-known apparent 
preponderance of granitic rocks is not sufficiently emphasized. 
Attempts have been ma.de by some to correct such errors by 
weighting the average analyses of the various rock types by their 
area1 values.lO Such a procedure, however, is open to two objec- 
tions : As much weight is thus allowed for lava flows, of mani- 
festly small vertical extens’ion, as for massive intrusive bodies pre- 
sumably of much greater depth; and, as Clarke points out, “ the 
surface exposure of a rock is no certain measure of its real 
volume and mass, for it may be merely the peak or crest of a 
large formation.” 
But the serious objection to any such attempts at correcting 
what may be, and often admittedly are, defects in our data, is that 
they introduce unduly the personal equation, and thus may, or are 
likely to, introduce other errors of unknown and indeterminate 
magnitude. As has been shown very briefly above, we are as yet 
in great ignorance as to the igneous rocks of a, large portion of 
the earth’s surface and crust, and it would seem to be the philo- 
sophical attitude to admit this and, as Doctor Clarke I1 says, 
“ do the best we can with the available data.” They are admit- 
tedly not ideal, but an attempt to better them, at this stage of 
our knowledge, is’ more likely than not to make a “ bad matter 
worse.” Let us be philosophical Italians for a moment, and say 
with them “ C’i vu01 pazienza.” 
Apart from such fundamental considerations of the character 
of our basal data as have been all too briefly touched on above, 
we meet with olthers when we come to consider the analyses them- 
selves. No analyses are ideally perfect, either as to accura,cy 
or completeness, but, while it is obviously the desirable procedure 
to exclude from our data rock analyses that may not be up to the 
ideal mark that we may set, yet, by so doing, we shall inevitably 
reduce the number of our data so as probably to, more than offset 
their excellence in quality. \Ve should have and use, of course, only 
analyses that are perfectly accurate and complete as to the deter- 
mination of all the constituents that may be present. But- 
“ humanum est errare,” and so we must here also “ do the best we 
lo Daly, R. A.: “Igneous Rocks and Their Origin,” New York, 1914, 
pp. 19-46, 168-170; and' Knopf, A.: Jour. Gcol., xxii, p. 772, Igq. 
11 Clarke, F. W.: Proc. Aftter. Phil. SOL., li, p. 215, 1912. 
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can with the available data,” excluding, of course, from consider- 
ation analyses that are manifestly bad. Consideration of this 
topic would lead us too far astray, but it will be found dis- 
cussed elsewhere.‘” 
It may also be mentioned here that, as some of the minqr 
constituents are, in . the course of analysis, precipitated and 
weighed with others, and are later determined separately and 
subtracted from th,e previous total figure, if these are not deter- 
mined the figure for the main constituent will be too high. This 
is notably the case with alumina, with which are precipitated and 
weighed the oxides of titanium, phosphorus, rare earth metals, 
zirconium, chromium, and vanadium, with often some manganese. 
If the analysis is not complete as regards these co&ituents, there- 
fore, the figure fo’r alumina will be too high. 
As has been said above, the average composition of the 
igneous rocks. has been estimated by several petrologists-Clarke, 
Harker, Loewinson-Lessing, Daly, Knopf, Mead, and myself. 
Clarke based his earlier estimates very largely on the analyses 
of rocks from the United States, as did Knopf, while Harker’s 
average was of rocks from Great Britain alone. In his latest esti- 
mates Clarke included rocks from all over the globe, as did I in 
my own computation. This also was the basis of Daly’s and 
Mead’s computations, tho,ugh in bo’th th’eir estimates, which were 
founded largely on personal selection of what constituted “ types ” 
of various rocks, th,e personal equation enters somewhat unduly. 
As we shall see later, continental averages, or others selected from 
regional data, differ too much to be representative of the average 
composition of the whole “ crust.” 
The basis for the present, and latest, estimate was the 
collection of rock ana1yse.s that has recently been published.13 
This includes practically all the analyses of igneous rocks, 
from all over the earth, that have been published between 1883 
and 1913, inclusive. These amount to 8602 analyses, of which 
5 179 of fresh rocks were considered to be “ superior; ” that is, 
satisfactory as to accuracy and completeness. Only these 5179 
analyses were used. The computations of the various averages, 
for the whole earth, the continents, and various districts of the 
earth’s surface, were made by Dr. F. W. Clarke, during the sum- 
” Washington, H. S.: U. S. Geol. Survey, Prof. Paper No. 99, pp, 
K)--26, 1917. 
I3 Washington, H. S.: U. .S. Geol. Survey, Prof. Paper No. 99, 1917. 
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mer of 1919. To him I am greatly indebted for his very painstak- 
ing and laborious undertaking, and would express my great appre- 
ciation of his kindness in permitting the present publication of 
some of his results. It must be said that there are presented here 
only a few of these, and that all the data in detail, with certain 
considerations of them, are to be published by us jointly in the near 
future, as a Professional Paper of the United States Geologi- 
cal Survey. 
TABLE I. 
Average Composition of the Earth’s Crust. 
Silicon dioxide (SiOs) 
Aluminum sesquioxide (AlzOJ 
Ferric oxide (FenOa) 
Ferrous oxide (FeO) 
Magnesium oxide (MgO) 
Calcium oxide (CaO). 
Sodium oxide (NanO). 
Potassium oxide (KSO) 
Water (HtO). . 
Titanium dioxide (TiOJ 
Phosphorus pentoxide (P,Ob) 
Manganous oxide (MnO) 
Carbon dioxide (CO*) 




Chromium sesquioxide (Cr201) 
Vanadium sesquioxide (V?O,) 
Nickelous oxide (NiO) 
Barium oxide (BaO) 
Strontium oxide (SrO). 























































































1. Latest estimate, Clarke and Washington, 1920. 
2. F. W. Clarke (first estimate). Bali. PM. SIC.. Wash.. xi. D. IA.;. 188n. 
3. Washington, Prdf. Paper No. 9% p. 108, rgo~. 
4. Clarke, U.S. G. S., Bull.. NO. 695. p. 28. 1920 
In Table I there is given the most recent calculation of the 
average igneous rock, together with three of the most important 
of the earlier estimates. As regards No. I, it is to b’e noted that 
the figures for the main constituents, fro’m silica to water, inclu- 
sive, were arrived at by dividing the sums total of the various dmeter- 
minations by the whole number of analyses, as all of these 
constituents were determined in all the analyses used. For the 
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minor constituents, from titanium dioxide to lithium oxide, inclu- 
sive, the figures given are the means of the sums total of the 
various co,nstituents divided by the whole numb,er of analyses and 
also by the numbmer elf determinations. The former would pre- 
sumably give a minimum, and too low an average, and the latter 
would probably be too high; while the mean would be probably 
rather nearer the true figure. This ma,tter ha,s been discussed by 
Clarke and by me elsewhere, and will be enlarged on further 
in our joint publlication. The figures given here should be con- 
sidered as provisional, a,s a,dequate discussion of their relative 
merits is, not called for here. The figure for fluorine is, almost 
certainly too high, as, are probably those for chromium, barium, 
and one or two other oxides, while possibly that for carbon dioxide 
is a trifle too low. 
From No. I it will be seen (knd the same is approlximately 
true of all the others), tha.t the first nine oxides (from silica to 
water, inclusive), constitute 98 per cent. of the whole, and that 
these, with the oxides of titanium, phosphorus’, and manganese, 
make up together 99.475 per cent. of the crust, leaving only a trifle 
more than one-half o’f one per cent. for all the o,ther oxides. 
Thus we see that in round numbers silica is the most abundant, 
and constitutes about six-tenths (nearly two-thirds.) of the crust; 
alumina is next-a very poor second-slightly more than one- 
seventh; then the two iron oxides, together about one-twelfth; 
lime about one-twenti,eth ; soda a,bolut one twenty-fifth ; magnesia 
about one-thirtimeth ; potash about one thirty-third ; water and 
titanium dioxide each abo’ut one one-hundredth ; phoSphorus pen- 
toxide about one three-hundredth, and manganous oxide about 
one eight-hundredth, while carbon dioxide is about one one-thou- 
sandth. Each of the others is notably less than one one-thou- 
sandth. It will be observed that in the list, which includes all the 
constituents that may be commonly determined in really good 
and complete analys’es of igneous rocks, neither lead, tin, 
zinc, mercury, silver, gold, platinum, arsenic, antimony, or sev- 
eral other of the elements commonly used in daily life, are repre- 
sented. The only common metals shown are iron, aluminum, 
manganese, and nickel. This is a rather important polint that will 
be adverted to later. 
In order to form an idea of the actual rock that a magma 
of this average composition would form under normal conditions, 
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we must calculate, from the data given by the analysis, the 
pres,umable actual mineral composition, or the “ mode,” as it is 
technically called. There are two general and importa.nt con- 
ditions controlling the products of solidification that may be con- 
sidered. The magma may have solidified at considerable depth, 
slowly and under great pressure; or it may have solidified, as a 
lava flow, on the surface; that is, rapidly and under low pressure. 
The former would furnish what is called a plutonic rock (as a 
granite or a gabbro), and the latter an effusive one (as a rhyolitc 
or a basalt) ; and the different conditions of solidification would 
bring about certain changes in the mineral composition of the 
resulting rock. 
Such a calculation leads to the follo\$ng results, which are 
to be considered as only approximately correct, as variations in 
the mode, of slight extent but in different directions, may be 
brought about by slight variations in the conditions of solidifica- 
tion. As a plutonic rock the magma would form a so-called 
granodiorite; that is, a rather coarse-grained, holocrystalline rock, 
much like many granites (and which would be commonly called 
a rather dark granite), composed of feldspar, quartz, ho’rn- 
blende or biotite, and very small amounts of magnetite and 
apatite. If it solidified under s’urface conditions, the magma 
would form that most common kind of lava, an andesite, rather 
fine-graiwd, light gray or pinkish, and showing small crystals 
(“ phenocrysts “) of feldspar and eith,er hornblende or pyroxene, 
with perhaps a little biotite, in a dense “groundmass.” Under 
the microscope the groundmass would show feldspars, pyroxene 
(or hornblende), and possibly a little quartz, with small grains 
of magnetite and apatite, and with or without glass, according to 
the rapidity of cooling. 
Stated in quantitative terms of “ modal ” or actual minerals, 
the rocks would have probably the following approximate 
compositions : 
Quartz . . . . . . . . . . . . . . . . , . . 
Andesine (Na-Ca feldspar) 
Orthoclase (K feldspar) . . . 
Hornblende and biotite . . . . 
Pyroxene . . . . . . . . . . . . . . . . . 
Magnetite . . . . . . . . . . . . . . . . . 




. . . II IO 
. . 47 47 
. . 16 18 
. . . 20 1- I9 . . . 
. . . 5 ‘5 
. . . I I 
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It will be seen that, in either case, the average rock would 
be compo,sed entirely of the most common minerals, as is to be 
expected, with the exceptions of olivine, nephelite, and leucite, 
which are much less often met with and which, furthermore, 
are not found in rocks with an excess of silica, as is true of 
the average rock. Inasmuch as the avera.ge rock would have 
been formed at some depth beneath the surface, the average crust 
may be considered to be a granodiorite, with the general charac- 
ters and mineralogical composition described briefly above. The 
fact, however, must not be lost sight of that locally the crustal 
rock may vary considerably, as will be pointed out later. We are 
dealing here only with the average of the crust as a whole. 
We may examine the chemical composition of the earth’s 
crust in greater detail and, as has b,een done by Clarke in the 
papers cited above, reduce the figures of the analysis to the form 
of the component elementIs. The results are given in the annexed 
Table II, there being here presented, not only the elementary con- 
stituents of the average rock given in Table 1, but in addition 
data showing the relative abundance of some other of the more 
important elements that are not usually, or indeed are never, deter- 
mined in the analysis of rocks. The data for these are taken 
from estimates by Vogt, De Launay, and Kemp, with additional 
data by Clarke and Steiger for a few, and some additions and 
changes in relative position based on my o’wn studies. An 
“ x ” means a digit in the respective decimal place or places. The 
elements are presented in their order of relative abundance. 
This average, it must b,e repeated, does not include the sedi- 
mentary rocks or contituents of the hydrosphere or of the atmos- 
phere. Clarke has included these in several of his estimates, 
and his latest shows tha.t the percentage, on this basis, of oxygen is 
50.02, of silicon 25.80, of aluminum 7.30, and of the other most 
abundant elements in similarly slightly less amounts than in 
Table II. When thus reckoned chlorine and carbon fall in be- 
tween titanium and phosphorus, with percentages, respectively, of 
0.20 and 0.18, while nitrogen appears between chromium and 
zirconium with a percentage of 0.03. 
Leaving these refinements out of consideration here, there 
are some striking fea,tures presented in the table to which attention 
may be called. The first is the appearance among the abundant 
elements of some that are usually counted as rare. Among these 
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TABLE II. 
The Chief Elemr~fs in the Earth’s Crust in Order of Abzmdance. 
I. Oxygen .......................... 46.43 
2. Silicon .......................... 27.77 
3. Aluminum ...................... 8.14 
4. Iron ............................ 5.12 
5. Calcium ......................... 3.63 
6. Sodium ......................... 2.83 
7. Potassium ....................... 2.60 
8. Magnesium ..................... 2.og 
9. Titanium ........................ 0.629 
IO. Phosphorus ..................... 0.130 
I I. Hydrogen ....................... 0.127 
IZ Manganese ...................... 0.096 
13. Fluorine ........................ oo77 
14. Chlorine ........................ 0.0.55 
15. Sulphur ......................... 0.052 
16. Barium ......................... 0.048 
17. Chromium ...................... 0.037 
18. Zirconium ...................... 0.028 
19. Carbon .......................... 0.027 
20. Vanadium ....................... 0.021 
21. Nickel .......................... 0.019 
22. Strontium ....................... 0.018 
23. Lithium ......................... 0.003 
24. Copper .......................... 0.002 
25. Cerium, etc. ..................... 0.001 
26. Glucinum ....................... o.ooxx 
27. Cobalt .......................... o.ooxx 
28. Boron .......................... o.Qoox 
29. Zinc ............................ o.ocox 
30. Lead ............................ o.oooxx 
31. -4rsenic ......................... o.oooxx 
32. Cadmium ........................ o.oowxx 
33. Tin ............................. o.ocooxx 
34. Mercury ........................ o.ooooxx 
35. Antimony ....................... o.ooooxx 
36. Molybdenum .................... o.ooooxx 
37. Silver ........................... o.oooooxx 
38. Tungsten ........................ o.oocooxx 
39. Bismuth ........................ o.cooooxx 
40. Selenium ........................ oooooooxx 
41. Gold ............................ o.ooooooxx 
42. Bromine ........................ o.ooooooxx 
43. Tellurium ....................... o.oooooooxx 
44. Platinum ........................ ooooooooxx 
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are especially titanium, barium, chromium, zirconium, vanadium 
nickel, s’trontium, and lithium, with copper, cerium, glucinum, 
cobalt, and bosron among those to which no definite figures can 
be assigned as yet. Titanium occupies the ninth place among the 
elements (tenth among the oxides,), albhough it is usually con- 
:;idered a “ rare ” element, and its nam,e and existence are pos- 
sibly unknown to many persons. The establishment of this fact. 
probably a very important one in our study of the constitution of 
the earth, is due primarily to the chemists of the United Sta,tes 
G*eologica.l Survey, who, under the leadership of Dr. W. F. 
Hillebrand beginning in the early eighties of the last century, 
first began to determine the “rarer ” elements in their analyses 
of the rocks of this country. Similarly, th,ey found that some 
others of the supposedly rare elements are widely distributed, 
notably barium, strontium, chromium, vanadium, nickel, and 
even mo1ybdenum.l” 
In Table II it is also noteworthy that, of the metals in daily 
and common use, only aluminum, iron, manganese, chromium, 
vanadium, and nickel, appear among those elements that are pres- 
ent in the rocks of the crust in sufficient amount to be commonly 
determinable by the usual processes of analysis. Such common 
and “ every-day ” metals as copper, zinc, lead, tin, mercury, sil- 
ver, gold, and platinum, antimony, arsenic, and bismuth-metals 
that are of the utmost importance to our civilization and our 
daily needs-a 11 these are to be found in ign’eous rocks, if at 
all, only in sca,rcely detectable amounts. Though they are ulti- 
mately derived from the igneous, rocks, they are made available 
for our use only by processes of concentration into so-called 
ore bodimes. 
To give some concrete and striking figures, it may be pointed 
out that the eight most abundant elements of the earth’s crus#t 
(oxygen, silicon, aluminum, iron, calcium, sodium, potassium, 
and magnesium)-the only ones whose amounts are over I per 
cent. -constitute together 98.63 per cent. of the crust. These, 
with titanium, phosphorus, hydrogen, and manganese-twelve in 
all-make up 99.612 per cent. ; thus leaving but abo’ut 0.39 per 
cent. for all the other elements, among them some that are quite 
indispens,able for our exis#ting civilization. 
I4 Cf. Hillebrand : Jour. ‘4mer. Chew. Sot., xvi, pp. 81-g3, 1894; Amer. Jour. 
Sri., vi, p. 209 18g8; U. S. Surv. Bull. 700, p. 24, IgIg. 
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A cursory examination shows that the most abundant ,elements 
in the earth’s crust are, on the whole, those of low atomic weight, 
as has been often pointed out, wh,ile the rarer ones are, in general, 
those of higher atomic weight. It has also been pointed out by 
Clarke lB that, considering the several elements of any group in 
the periodic table (for which see page 780)~ while the first mem- 
ber is comparatively rare, the second is the most abundant (the 
oxygen group being the only exception), and the members be- 
come increasingly rare with increasing atomic weight. This is 
well seen, for example, in Group I (lithium, sodium, potassium, 
rubidium, and cxsium) ; in Group 2 (glucinum, magnesium, cal- 
cium, strontium, and barium), though here we have inversions 
of the rule in the relative abundance of magnesium and calcium, 
and of strontium and barium. It is also seen in the third group 
(boron, aluminum, scandium, gallium, etc.) ; in the fourth group 
(carbon, silicon, titanium, zirconium, and cerium) ; in the fifth 
(nitrogen, phosphorus, arsenic, and antimony) ; in the sixth 
(oxygen, sulphur, selenium, and tellurium), here again there 
being an inversion as regards the first and second; and in the 
seventh (fluorine, chlorine, bromine, and iodine). It is a!;o seen 
in Group 8, in the case of iron, nickel, and cobalt, according to 
their atomic weights, though the atomic numbers of nickel and 
cobalt are reversed in order. As Clarke s,ays: “ LVe are dealing 
with an evident tendency of which the meaning is yet to be dis- 
covered. That the abundance and associations of the elements 
are connected with their position in the periodic system seems, 
however, to be clear. The coincidences are many, the exceptions 
are comparatively few.” 
The relation of the abundance of the elements to’ the periodic 
law has also been discussed recently by Harkins,]” who holds 
that the abundance of the elements is “ related to the atomic num- 
ber and not to the periodic system,” that the abundant elements 
are those of low ato,mic Iveight with an atomic number less than 
23 and that the elements with even-numbered ato’mic numbers 
surpass in abundance the odd-numbered. It would take us too 
far from our proper subject to discus,s this very interesting topic 
here, but we may examine briefly a hitherto unrecognized phase 
I6 Clarke, F. W.: “ Data of GeochemistqT,” U. S. Geol. SZLVV. Bull. 695, 
P. 39, 1920. 
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of the relation of the occurrence of the ,elements to their position 
in the periodic table, shown by the study of minerals and of 
igneous rocks, and taking into consideration the chemical relations 
of the various elements. 
THE PETROGENIC AND METALLOGENIC ELEMENTS. 
In Table III is, presented the periodic classification of the ele- 
ments, as usually given.” The atomic weights are stated in round 
numbers, most of the elements of th,e “ rare earths ” are omitted, 
as their relative positions are still in dispute, as are als’o the 
radio-active elements, except radium. 
IIere, as has been commonly recognized, t-he most abundant 
elements in the earth’s crust, being of generally low atomic 
weight (or atomic number), occupy the upper part of the scheme, 
forming the series I to 4 of Groups I to 8. These, with s’ome 
others in series 6 and 8 to be mentioned presently, may be called 
the “ Rock Elements,” as they are the essential elements, in 
greater or less amount, of the igneous rocks of the earth’s crust, 
of which they constitute at least 99.9 per cent. by weight. 
In the lo,wer part of th’e scheme are elements of higher atomic 
weight which, with others, in series 5 and 7, to be mentioned later, 
are but seldom, if ever, found in determinable quantities in igneous 
rocks, lllut which occur chiefly as ores, or as native metals. These 
may therefore be called the “ Ore Elements.” There would seem 
to be a very definite and distinctive difference between these two 
groups as regards their general chemical relations-a difference 
that has apparently not heretofore been observed. 
Intermediate between the upper and lower part of the scheme 
is a zone, series 5 to 8, including elements that our study of min- 
erals and rocks shows to belong partly to the rock elements, and 
partly to thee ore elements. It is found that their relations to 
the one or the other is clearly distinguished I)y tracing a meander 
that separates them into alternate or interlocking vertical columns. 
the spaces thus made opening above into the division of the rock 
elements and below into that of the ore elements. Thus, as we 
shail see, Rb and Cs, Sr and Ba, Yt and La, Zr and Ce, Cb?, 
and MO are to be considered as rock elements; while Cu and Xg, 
Zn and Cd, Ga and In, Ge and Sn, As and Sb, S, Se, and Te, and 
“This table is based on that given by Clarke, U. S. Gcol. Swvey Bull. 
6x> P. 37. 
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Er and I, are ore elements. These differences are indicated by 
some of their general chemical relations and by the facts of their 
occurrence as minerals, that is, as components of the earth’s crust. 
Flanking the main part o’f the table is Group o, the column 
of the inert gases, from helium to xenon. At the bottom are the 
radio-active elements, chiefly radium, thorium, and uranium, 
with others (some more or less hypothetical) that have been 
recently discovered. On the right is the column of Group 8, that 
of the triads. Of these, iron, cobalt, and nickel, a.re to be con- 
sidered as rock el,ements, and the two, triads of the platinum metals 
as ore elements. 
It may be as well to suggest here, and to use henceforward, 
two terms as a8 matter of convenience. We may call the “ rock 
elements ” petrogenic and the “ ore elements ” nzeta’llogenic. 
These terms are not only short and self-explanatory but, having 
an adjectival form, are convenient for us,e. Tlhe distinctive 
chemical differences between the petrogenic and the metallogenic 
groups of elements, as regards their occurrence in th’c earth’s crust, 
will be now set forth; and, it may be said, that these differences 
seem to divide them into two “ natural ” groups, which may be 
of significance in a study of the constitution of the earth. In 
the present paper it is best not to go very deeply into technical 
mineralogical details, and only the main facts will be s’tated, 
leaving the details for presentation elsewhere. 
The petrogenic elements occur normally in nature as primary 
minerals, forming oxides, silicates,, fluorides, and chlorides; but 
never, or only exceptionally, as sulphides, selenides, tellurides, 
arsenides, antimonides’, bromides, or iodides. With the exceptions 
of iron and nickel, they are never found in the form of native 
metals. The metallogenic elements, on the other hand, normally 
(as primary minerals), form sulphides, selenides, tellurides, arse- 
nides, antimonides, bromides, or iodides, but only seldom and ex- 
ceptionally do these occur as (primary) silicates, oxidels, fluorides, 
or chlorides. They are frequently met with as the “ native ” ele- 
ments. There are, it is true, some exceptions to these statements 
(as with iron, which forms three common sulphides’, and with tin 
which occurs mostly as the oxide) ; but taken broadly, and as 
applying to the two several groups as a whole, the distinction seems 
to be valid. 
The oxides of many of the electropositive petrogenic ele- 
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ments are known to occur as minerals; those, that is, that are 
stable and are not readily soluble. They include periclase (I&O>, 
corundum ( A1203), quartz and tridymite (SiO,), rutile (TiO,), 
ilmenite ( (Fe,Ti) ,O,) , chromite (F,eO.Cr,O,), pyrolusite 
(MnO,) and other oxides of manganese, hematite ( Fe203), 
and magnetite (Fe,O,). All of the electropositive petrogenic 
elements form silicates, and, indeed, they form the overwhelming 
majority, certainly 99.9 per cent. of all known silicates by weight. 
Besides the simple silicates are borosilicates, fluosilicates, titano- 
silicates, and zirconosilicates, all of them salts of petrogenic ele- 
ments. A few sulphosilica,tes are known, but they are very 
rare, and there are no known arseno-, antimono-, seleno- 
or tellurosilicates. 
Fluorides and chlorides of sodium, potassium, ammonium, 
magnesium, calcium, aluminum, cerium, iron, and manganese, are 
known as minerals, and some of them are quite common, as NaCl, 
KCl, and CaF,. On the other hand, neither bromicles nor iodides 
of these elements occur as minerals, though there is an exces- 
sively rare calcium iodate. Fluorine replaces hydroxyl in several 
silicates, as in topaz and chondrodite, and it is also present in 
small amounts in hornblendes and micas, while chlorine is present 
in small amount in some silicate minerals, as those of the sodalite 
and scapolite groups. Until \ve reach vanadium, with atomic 
weight 51 and atomic number 25, no sulphides occur as minerals, 
except calcium sulphide, which occurs as a rare mineral (oldham- 
ite) but only in a f,ew meteorites. A very rare vanadium sulphide, 
found only in one locality, an extremely rare chromium-iron 
sulphide, occurring only in a few metmeorites, and a rare terres- 
trial manganese sulphide are known. No arsenides, selenides, or 
tellurides omf thes’e elements, or of those preceding them in atomic 
number, are known. With the ir on gro,up, we find sulphides very 
common, the sulphides elf iron, pyrite, marcasite, and pyrrhotite, 
being common minerals, and sulphides of nickel and of iron and 
nickel, as well as their arsenides, are widespread ore minerals. 
Sulphides and ars’enides of cobalt are also fairly common. The 
sulphide of molybdenum is the only usual mineral of this element, 
though a few other minerals containing it (as secondary molyb- 
dates) occur. Selenides, telluridees, and antimonides of iron are 
apparently unknown in nature, though of nickel there are some 
very rare minerals of this character. It will be seen that such 
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compounds (sulphides, arsenides, etc.) of the petrogenic elements 
are all of those of rather high atomic weight and in the groups 
of highest valence, especially common in the triad group iron- 
cobalt-nickel. 
Turning to the metallogenic elements, we find that many of 
them exist in nature uncombined, notably copper, silver, gold, 
mercury, arsenic, antimony, bismuth, sulphur, selenium, tellu- 
rium, a,nd the metals of the platinum group. Native zinc, lead, 
tin and tantalum are also reported, but in some cases doubtfully. 
As minerals the oxides of these elements either do not exist 
(as of gold, mercury, and the platinum metals), are of extreme 
rarity, or are certainly or almost certainly of secondary origin, 
as those of copper, zinc, arsenic, and antimony. Tin oxide, the 
common ore of this metal (cassiterite), is an apparent exception, 
but it would seem to be possible that, in some cases at least, it 
is of secondary origin, a sulphide being the primary compound. 
I’rimary silicates of the metallogenic metals’ are very rare. 
There are none of gold, silver, mercury, thallium, tantalum, tung- 
sten, or the platinum metals. Silicates of copper and zinc are 
quite common, but are in all cases almost undoubtedly of sec- 
ondary origin. There are, however, silicates (possibly pri- 
mary) of tin, lead, and b’ismuth, but they are mineral rari- 
ties, and many mineralogical museums and collections have no 
specimens of them. 
No fluorides of any of the metallogenic elements are known as 
minerals, but insoluble chlorides and oxychlorides of copper, 
silver, mercury, and lead are known, though rare. On the other 
hand, as native bromides and iodides we know only those of cop- 
per, silver, mercury, and lead-all metallogenic elements. 
The typical, and by far the mo’st abundant, native compounds 
of all these metallogenic elements then are the sulphides, arsenides, 
antimonides, selemdes, and tellurides, with the complex sulphoc 
salts. These form the main, and in some cases the only, sources 
of m,ost of the metals. Indeed, of gold, mercury (except the com- 
mon sulphide, a chloride, and two doubtful iodides), and thallium 
(except a rare sulphide), the only native colmpo,unds known are 
selenides and tellurides; and conversely, the only native selenides 
and tellurides known are of copper (rare), silver, gold, mercury, 
thallium, lead, and bismuth, except that there is a very rare’nickel 
telluride. Oddly enough the only native compounds known of 
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the platinum metals are ruthenium s’ulphide and platinum arsenide, 
no selenides, or tellurides of these being known. 
Returning to the intermediate interlocking meander zone, it 
may be well to point out some features that show to, which of the 
two main groups the several elements there belong, and allude 
to a.nother feature of interest regarding this part of the table. 
Rubidium and cresium are only known as silicates, c&urn 
forming the rare polysilicate pollucite, and both entering in small 
amount into other silicates, as beryl, lepidolite, and a few others. 
Strontium and barium, apart from their sulphates and carbonates 
of secondary origin, enter only into silicates, a barium silicate 
forming a member of the feldspar group, and both being the 
bases in some of the hydrous zeolites. The proper position of 
yttrium and lanthanum, in Group 3, is somewhat uncertain, but 
they both enter into the composition of various silicate minerals, 
and are not known as sulphides, arsenides, etc. The position of 
zirconium and cerium is quite clear; both form sJicates, zircon 
being especially widespread among granitic rocks, and they also 
enter into the composition of some members of the pyroxene 
group. The position of columbium (niobium) is also somewhat 
uncertain, as no silicates of it are known; but it is the base in 
some titanates, and its general affinities as to mineral occurrence 
would place it almost surely with the petrogenic elements. Closely 
related to it, and occurring with it almost always, is tantalum, 
whose true place is uncertain. Both these elements, however, 
are very rarely met with. The researches of Hillebrand l8 have 
shown that molybdenum is very widely distributed among the 
more silicic igneous rocks, such as granites, so that, even though 
its most abundant mineral is the sulphide, it should be reckoned 
with the petrogenic elements. 
Of the intermediate metallogenic elements, the positions of 
copper and silver are unquestionable, as’ both occur combined most 
frequently as sulphides, and other such minerals. Silver does not 
occur as a silicate or oxide; but silicates and oxid,es of copper are 
not uncommon, though these are of secondary origin. The same 
may be said of zinc and cadmium, the oxide and silicate of zinc be- 
ing secondary. Gallium and indium are found only in zinc sulphide 
(sphalerite) , and germanium occurs only as a sulphid,e with s’ilver 
and tin. Though tin is most commonly met with as the oxide (as 
IS Hillebrand, W. F.: Awer. Jour. Sci., vi, p. 209, 1898. 
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well as a rare silicate), yet sulphides of it are known, so that, in 
spite o,f its frequent occurrence as oxide, it is, to be: reckoned with 
the metallogenic elements. Arsenic and antimony, as well as 
seienium and tellurium, belong, of course, in this group; as does 
sulphur, the necessary inclusion of which among the metallogenic 
elements carries them somewhat into petrogenic territory, and 
renders the meander somewhat unsymmetrical toward this end. 
Bromine and iodine, as’ we have seen, are only met with in nature 
in combination with metallogenic elements, so that they may prob- 
ably b’e placed with these. The metals of thme ruthenium and the 
platinum groups clearly belong h,ere, because of their occurrence 
as metals, and because of the existence of the sulphide of ruthe- 
nium and the arsenide of platinum as the only native com- 
pounds known. 
On referring to the periodic classification presented in Table 
III, it will be seen that the intermediate, meandered zone, where 
the petrogenic and the metallogenic elements interlock, shows a 
very large proportion of elements with atomic weights that are 
quite far removed from whole numbers, which would imply, as 
has been suggested by Harkins, that this is especially the region 
of isotopes. Whether this is fortuitous, or whether it is (if it 
be true) connected with the division here suggested of the ele- 
ments into th,e petrogenic and the metallogenic groups, is quite 
unknown, and it is needless here to speculate upon the subject. 
It should be mentioned that the relations between ?he positive 
and the negative elements, and their occurrence in nature as min- 
erals, as set forth above, form an elaboration and an extension of 
what Clarke has already called a,ttention to,]” namely : “ In com- 
bination unlike elements seek each other, and yet there appears 
to be a preference for neighbors rather than for substances that 
are more remote. . , . The elements of high atomic weight 
appear to seek one another, a tendency which is indicated in 
many directions, even though it cannot be stated in the form of 
a precise law. The general rule is evident, but its significance 
is not so, clear.” A possible significance, or rather a pos,sible 
connection between this rule and the occurrence of the elements, 
both as to their relative abundance and th,eir mutual relations, in 
the earth’s crust and below it, may be suggested here, as a some- 
what speculative hypothesis. 
I8 Clarke, F. W.: “ The Data of Geochemistry,” U. S. Geol. Survey, Bull. 
330, P. 35, 1908; and Bull. 695, P. 39, 1920. 
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THE INTERIOR OF THE EARTH. 
The hypothesis (already adverted to), that the interior of the 
earth is composed, at least in part, of an iron-nickel alloy like 
that which composes many meteorites, is commonly held. This 
is based on the mean density of the earth, its rigidity and magnetic 
character, and the composition of many meteorites, the siderolites, 
which may be regarded as fragments of a preexis’ting large body. 
Following Charles Darwin and Durocher, who published their 
views in the first half of the last century, the idea is now held by 
many that the material composing the interior of the earth is 
arranged, in a general way, according to relative density,*O there 
being a nucleus or core of iron-nickel and possibly other heavy 
metals, above this a zone of heavy silicate rocks, and at the s’urface 
the lighter silicate rocks of the “ crust,” but presumably passing 
gradually one into the other, without sharp borders. 
Wiechert and Knott have recently shown, through a study of 
the propagation of earthquake waves, that there is a change in the 
material, or in the physical properties of the material, at a depth 
of about 0.5 of the earth’s radius. Still more recently, by labora- 
tory measurements of the compressibility of rocks, as well as by 
the study of earthquake waves, Adams and Williamson,21 of the 
Carnegie Geophysical Laboratory, have shown that th,e much 
greater density of the interior of the earth cannot be accounted 
for by the compressibility of the materials, wh,ether rocks or 
metais. Th,ey are also led to the conclusion that, while there is 
segregation of heavier material toward the centre, that the change 
is continuous, and not discontinuous, as is held by Wiechert 
and Knott. 
Following the views of Adams and Williamson, and accepting 
a lower zone of nickel-iron beneath the silicate “ crust,” I would 
suggest here the idea that the central core, the real nucleus, of 
the cart11 is composed of the metallogenic elements, that is, the 
el,ements or metals of highest atomic weight, either as “ native ” 
metals, or possibly in the form of selenides, tellurides, ars,enides, 
antimonidesB, bromides,, and iodides. Above this would be the 
nickel-iron zone, and above this the silicate crust. 
” See, for example, Suess, “ The Face of the Earth” (English transla- 
tion), Vol. iv, p. 547, rgog; Daly, “ Igneous Rocks and Their Origin,” pp. 
162-168, 1914. 
‘I I must express my thanks to my colleagues for permission to mention 
briefly here some of their conclusions, which have not yet been published. 
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We cannot here discuss this suggestion in all its rather com- 
plex aspects. But the somewhat intermediate chemical character 
of the metals of the iron group, with manganese and chromium, is 
in accord with the hypothesis, differing as th,ey do from the other 
petrogenic elements in their occurrence as sulphides and arsenides, 
in which they resemble the heavi,er metallogenic elements. Iron is 
the fourth most abundant element, and if the position of the 
nickel-iron zone, or a zone of mixed alloy with silicate rocks, 
were comparatively near the surface, this would be expected. Th,e 
occurrence of iron-bearing basalts at the surface (met with in 
Greenland, Russia, Spain, and elsewhere) is also in line with 
this supposition. 
Again, as on this supposition the true metallogenic elements 
are most deeply buried, their relative scarcity at the surface is 
readily understandable. Forming the nuclear co,re, not only would 
their total volume be relatively small, but it would also be difficult 
for them to find their way, even as vaporized or soluble com- 
pounds, from the great depths to the surface. The generally low 
melting-points of the ore minerals is also in line with the opinion of 
Adams and Williamson that the deepest interior is not entirely a 
rigid solid, but more in the nature of a very viscous, thick liquid, 
which damps the transverse earthquake vibratioas. The possible 
factor o’f the disintegration of the elements of highest atomic 
weight must be taken into account, but more cannot be said here 
on this topic. 
It is of interest to note that this idea, that the elements of 
higher atomic weights, the metallogenic elements, occupy for the 
most part the deepest portioas of the earth’s interior, is in harmony 
with Abbot’s view as to the distribution of the elements in the 
sun.22 He points out that the elements showing the most in- 
tense spectrum lines are those of low atomic weight, with the 
exception of the negative elements, none of which (with the pos- 
sible exception of oxygen), for some unknown reason, show solar 
spectral lines. It is interesting to compare Abbot’s tabxle of in- 
tensjties (page 91) with the elements as presented in OUT Table 
III of the periodic arrangement. It will be seen that the first 
22 elements showing the most intense lines are all terrestrially 
petrogenic elements, and that (apart from the negative elements) 
all the terrestrial petrogenic elements are among those that show 
* Abbot. C. G.: “The Sun,” 1911, PP. 91, 94, 99, 104, and 252 ff. 
Dec.,Igzo.] THE CHEMISTRY OF THE EARTH'S CRCST. 789 
the more intense lines, with the curious exceptions of gluchm, 
cerium, and especially potassium, which show but very weak lines. 
The order is not the same, but the first ten elements in order of 
spectral intensity include calcium, iron, hydrogen, s’odium, mag- 
nesium, silicon, aluminum, and titanium, which, with oxygen, 
potassium, and phosphorus, are the first eleven elements in order of 
abundance in the earth’s crust. On the other hand, the metal- 
logenic elements show the least intense or no solar spectrum ,lines. 
Thus in ,Ubot’s intensity tables Nos. 23 to 36 (the last) include in 
order palladium, copper, zinc, cadmium, germanium, rhodium, 
silver, tin, and lead. The metals of the platinum group, with 
tungsten, bismuth, mercury, thallium, and one or two others, 
give extremely feeb’l,& or doubtful lines. As Abbot sho\vs, taking 
the elements in groups of order of intensity, this diminishes with 
increase in the mean atomic weight of the group. 
Abbot explains this distribution, to which the only real excep- 
tions are cerium , glucinum, and potassium, by the supposition 
that “ the explanation of the decrease of intensities with increas- 
ing atomic weights seems to depend on the depth of th,ese gases 
below the sun’s surface,” and this supposition is confirmed by 
the spectrum observations of displacements of the lines of various 
elements due to pressure and those that show in the “ flash ” 
spectra during eclipses. The coincidence between the occurrence 
of the elements in the earth and in the sun, as regards relative 
abundance and depth, is apparently so very close and detailed as to 
be suggestive of a s.imilar arrangement in both bodies. It is also 
quite in harmony with the general idea of arrangement according 
to specific gravity o,r “ gravitative adjustment.” 
We may conclude therefore that the metallogenic elements 
are rare on the earth’s surface and do not show intense spectrum 
lines in the sun, because they are too deeply buried in both. Con- 
nected with this, however, is the difference in the chemical rela- 
tions already pointed out, the significance of which is as 
yet problematical. 
It might be pointed out here that such a theory of the vertical 
distribution of the elements seems to be opposed to Chamberlin’s 
hypothesis of the planetesimal origin of the earth, though the 
matter cannot be discussed in this paper. Attention may only be 
called to the fact, probably very significant in this connection, that 
the melting points of the oxides and silicates, the typical natural 
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compounds of the petrogenic elements, are much higher than 
those of the sulphides and arsenides, the typical natural com- 
pounds of the metallogenic elements. The bearing of this will 
be discussed elsewhere, 
Much more might be said of this suggestion of the distribution 
of the elmements of highest atomic weight and greatest density at 
the centre. The idea is not wholly new, having been held specu- 
latively by others. One might even recall, to pass fro,m science 
to fiction, tha,t the idea was, in a way, foreshadowed by Jules 
Verne, who in one of his stories describes a comet or huge meteor- 
ite composed o’f telluride of gold. 
CORRELATION OF THE ELEMENTS. 
But we have wandered far from our proper topic, the crust 
of the earth, having reached not only the centre of the earth, but 
the sun, and become enmeshed in somewhat transcendental chemi- 
cal speculation. Let us come back to the surface of the earth. 
Before returning, however, to the consideration of thme actual 
crust and its rocks, it may be as well to examine briefly a feature 
of the mutual relations of the elements (for the most part petro- 
genie), that is shown us by chemical study of the rocks and of 
the many minerals with which we are acquainted. Since the 
chemical analysis of rocks and minerals began to assume large 
proportions, so that sufficient and sufficiently accurate data became 
available, it has been noticed that certain elements are prone to 
be found in rocks of certain general compositions, and als’o in 
association with one another in minerals. In other words, there 
has, been observed a certain correlated distribution of the elements 
in the *earth’s crust, that is, in the rocks and minerals co8mposing it, 
by which certain of the elements tend to occur together in greatest 
abundance or most often, while other elements are seldom if ever 
found along with these. As this is a matter of considerable 
interest and importance from the mining engineer’s point of view, 
several attempts have been made to formulate the relations, 
and it will ble pertinent to give a very brief account of the subject. 
Among the earliest of the more modern workers to investigate 
this problem are Vogt, Kemp, and De Launay,23 who confined 
=Vogt, J. H. L.: Zeits. Prakt. Geol., 1898, p. 326; Kemp, J. F.: “Ore 
Deposits,” 3d edition, pp. 34-37, Igoo; De Launay, L.: “La Science 
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their attention chiefly to whether the various elements considered 
were most abundant in the more or the less siliceous rocks. 
The writer pointed out 24 that “ the relations are more com- 
plex and are depend,ent, not so much on the relative amount of 
silica, as on the relative amounts of other constituents, notably 
soda, potash, iron, magnesia, or lime.” Such relations of common 
association are shown, in part among the most abundant con- 
stituents of rocks and minerals, and in part among the rarer ones, 
generally in connection with the more abundant. For the most 
part, the relations so fai- observed, which may be considered as 
best established, are confined to the petrogenic elements, as would 
be expected, but there seem to be similar relations, not yet quite 
clear, between some of the metallogenic and the petro- 
genie elements. 
Broadly speaking, silica, alumina, soda, and potash tend to 
go together; thus the rocks that are highest in silica have, in 
nearly all cases, alumina and the alkali metals as the next most 
abundant constituents. At the same time, the alkali metals, and 
lime (not iron or magnesia), tend to go, with alumina; so that a 
very large number, and among these the most common, of the 
silicate minerals are silicates of alumina and (or aluminosi!icates 
of) soda, potash, and lime. The iron oxides and magnesia do not 
show nearly so strong a tendency to combine with silica or with 
alumina. In this connection may be mentioned a tendency toward 
combination with (or affinity for) silica, which may be ex- 
pressed thus : 
KzO>Na?O>CaO>hlgO>FeO. 
That is, potash will endeavor to take all the s.ilica that it can, so far 
as is compatibie with certain physical conditions, soda next, and so 
on ; iron being the only very abundant element (except silicon) 
that commonly forms an oxide alo’ne, that is to say, uncombined 
with silica. This general law or rule, which is ba,sed on the mo’st 
generally observed relations among rock-forming minerals, is the 
basis of a recently introduced classification o’f igneous rocks, and it 
GCologique,” p. 637, 1906. Cf. also Hillebrand, W. F.: U. S. Geol. SU~VQ, 
Bull. 700, P. 25, 1919; and Clarke, F. W. : C. S. Geol. Survey, Bull. 695, 
p. 13, 1920. 
24 Washington, H. S.: Trans. Amer. Inst. dli~. Eq., p. 751, 1908; Cf. 
Washington, “ Manual of the Chemical Analysis of Rocks,” 1st edition, 
p. 14, 1904; 3d edition, p. 17, IgIg. 
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gives promise of fruitful application in the future. A similar 
“ order of affinity” as regards alumina is also true of the 
same elements. 
Magnesia and the iron oxides tend to go together, or to re- 
place each other in many minerals, which seems to be of much the 
same import, and these oxides are, as we have seen, generally 
opposed to s’oda, potash, and lime. 
Among the more interesting of such correlations are those 
of soda and iron on the one hand, and of potash and magnesia 
FIG. I. 
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Relation of Xa. and Fe to K and Mg. 
on the other, these two pairs tending to go together. This is 
shown by many minerals, the details concerning which it is 
unnecessary to give here, though there may be mentioned the 
sodic pyroxenes, which contain much iron and little if any mag- 
nesia, and the potassic micas, which generally contain more 
magnesia than iron along with the potash. Study of many 
analyses of igneous rocks also brings this relation out very clearly, 
and it is expressed in the above figure (Fig. I ) published some 
years ago.2” In this the abscissas repr.esent the relative amounts 
“Washington, H. S.: Proc. Natl. Acad. Sci., i, p. 574, 1915. 
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of soda and potash, and the ordinates those of iron oxide and 
magn,esia. The general drift of h,igh soda coincident with 
high iron, and conversely of high potash with high magnesia 
(though such rocks are comparatively few), is clearly shown, 
and, as the data are derived from numerous analyses, and are 
subs,tantiated by many others more recently made, the general 
“ drift ” may be considered as fairly well established. That the 
points fall in a rather broad zone, instead of along a narrow line, 
is to be attributed to the complications that may be introduced 
in such correlations by the presence o’f silica, lime, and possibly 
aluminum or titanium. 
It may be mentioned here, CPZ pnssn~t, that, curiously enough, 
the same correlation between these two pairs of ,elements, soda 
and iron, and potassium and magnesium, seems to hold good in 
the organic world.2c This is apparently shown by the following 
facts: In autotrophic plant metabolism potash is an essential 
element, a,s is also magnesium, in that chlorophyll (which in the 
leaves acts as the carbon-transferring substance) is a magnesium 
salt of a complex organic acid, while sodium and iron are generally 
toxic toward (at least the higher, gymnospermous and angio- 
spermous) plants. C&r the other hand, sodium, rather than potas- 
sium, is the alkali metal essential to the higher animals, salt being 
a very necessary article of diet (in part because of its chlorine, 
and in part because of its sodium, content), and sodium is present 
in the blood plasma; and at the same time, h;emoglobpin and its 
derivatives (which act as oxygen carriers, and are analogous to 
chlorophyll in plants) are iron salts of organic acids closely related 
to that of chlorophyll; while, similarly potassium and magnesium 
are more toxic toward the higher animals than are the other pair. 
Let us now pass briefly in review solme of the correlation’s that 
are shown in igneous rocks by the rarer, and generally petrogenic, 
elements with the most abundant ones. In the first place, the rocks 
that are dominantly sodic seem to show the greatest tendency 
towards the segregation of many of the rarer elements. Thus, 
lithium, zirconium, cerium (and some of the other rare earth 
metals), chlorine and fluorine, and probably glucinum and tin, 
are found most often, both as components of minerals, and in 
rocks, that are hiah in soda. Barium seems to be mo’st abundant 
*’ Washington, H. S.: Proc. N&l. Acad. Sk., ii, p. 623, 1918. 
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in those that are high in potash; titanium,2i manganese, vanadium, 
nickel, and cobalt, in those that are specially high in iron; and 
chromium and platinum in those that are high in magnesium. Of 
the proclivities of the more truly metallogenic elements, as gold, 
silver, mercury, lead, and zinc, we know little as yet, but further 
study may indicate such relations, if they exist. 
It is needless to enlarge here on the bearing of such observa- 
tions on the practical search for ores and metals, especially those 
of the rarer kinds, some of which are now coming into promi- 
nence, such as tungsten and tantalum for electric lights, and 
zirconium for refractories. It will be self-evident that a knowl- 
edge of the rocks of a region can thus give us a clue as to what 
elements, or their ores, may be most likely met with, so that, for 
instance, we would not search for platinum in a region of sodic 
rocks, but would here rather look for the minerals of cerium, 
the rare earths, uranium, or tungsten. 
COMAGMATIC REGIONS. 
Let us now return to the earth’s crust and endeavor to answer 
the second question propounded above, namely, whether all large 
portions of the crust are alike in general, or whether they show 
marked differences; that is, whether the crust is essentially alike or 
unlike over different areas. 
Nearly fifty years ago Vogelsang pointed out that the 
igneous rocks of certain districts showed certain textural or min- 
eral characters in common, which served to distinguished them 
from the rocks of other districts. The same idea was expressed 
later by Judd,2” and still later by Iddings, the latter showing 
that the differences between different districts were referable ulti- 
mately to differences in the chemical composition of the rocks. 
Such districts were called “geognostische Rezirke” by Vogelsgang, 
“ petrographic provinces ” by Judd, the latter name being that in 
common use, Iddings using the term “ consanguinity,” while the 
writer later 3l called them “ comagmatic regio’ns,” to indicate the 
“Titanium also evinces preference for sodium, like its congener 
zirconium. 
” Vogelsang, H. : Zcifs. deufsch. geol. Ges., xxiv, p. 523, 1872. 
2L) Judd, J. W.: Quart. Jour. Geol. Sot., xlii, p. 54, 1886. 
3o Iddings, J. P.: Bull. Phil. Sot. Wash., xii, p. 128, 1892. 
ax Washington, H. S.: Carnryie Inst. Publ., No. 57, p. 5, 1906. 
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idea that the various rocks of a given region ape derived frorn a 
common magma, by processes of so-called differentiation. Into 
the discussion of differentiation we cannot even begin to enter 
here, though it forms one of the most important and most complex 
features of petrology, the science of rocks. 
The proper study of petrographic provinces, or, as we shall 
here term them, comagmatic regions, is as yet, s’o to speak, in 
its infancy. Only a few regions have been described at all ade- 
quately from the most general point o,f view, such as the Chris- 
tiania region in southern Norway, that of Central Montana, the 
Yellowstone Park, and the volcanoes of western Italy; and these 
descriptions leave much to be desired. 
Indeed, even the fundamental data for our definition of a 
comagmatic region ar#e somewhat uncertain and the applica,tion 
of the idea is som,ewh,at loose. Thus, co,nsidering the time ele- 
ment, the life of a region may extend over many geological 
periods, as that of Great Britain from the Silurian to the 
Tertiary ; or it may be confined to but little more than one 
period, as with thme western Italian volcanoes. The area1 extent 
may vary from many thousands of square miles to a few hun- 
dreds, though we are beginning to believe that the smaller 
“ regions ” are probably to be regarded as but parts of larger 
ones. The shape of the area may also vary ; it may be more or less 
equilateral, a long zone, either broad or narrow and perhaps 
forked, or be evident only as small, separate, and apparently struc- 
turally unconnected occurrences of similar rocks. 
Although some of the chara,cters of any given region may 
be most evidently recognizable by the mineral features, such as 
the color of the pyroxenes or the peculiarities of the feldspars, 
yet these are all dependent on the prominent chemical characters 
of the magma, so that the chemical characters constitute the 
fundamental basis of distinction and characterization. In order 
to show the reader how, and in how far, the chemical characters 
of various portions of the earth’s crust may differ, it will be well 
to note very briefly some of the best-known comagmatic regions 
of the earth, stating only their most prominent chemical features 
and omitting all details. 
In the United States we find a long zone of disconnected areas 
whose rocks are dominantly sodic. This zone apparently begins 
in southwest Greenland, appears, as a group of very similar small 
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areas in Ontario, Quebec, and New England (the so-called Novan- 
glian region), appears in New Jersey, Virginia, probably North 
Carolina, in Arkansas, and finally as several areas in Texas. It is 
apparently continued south into Tamaulipas in M,exico; and what 
may be a continuation of it appears in some of the Antilles, in 
Brazil, and as far south as Paraguay. These areas in the United 
States are marked solid black in Fig. 2. The large “ Canadian 
shielcl ” around Hudson’s Bay forms anoth,er region, which is 
dominantly calcic (anorthosites), marked with v’s on the map. 
Along the Appalachian uplift, and probably extending into 
FIG. 2. 
Maine, is another region, the rocks of which are characteristically 
rather sodic granites, though some very unusual rocks o’ccur along 
this zone. This is marked with dashes (-) on the map. The 
sodic areas just mentioned may be connected with this. West of 
the Appalachians we find a few, small sporadic omccurrences of 
peculiar rocks, high in potash and magnesia, as in New York, 
Pennsylvania, Kentucky, and Arkansas, which seem to be distinct 
from the preceding, and which may represent the great body of 
magma that underlies this part of the Mississippi Valley. 
Around Lake Superior, in Minnesota, Wisconsin, and Michi- 
gan, and probably extending into Canada to the north, is an area 
Comagmatic Regions of the United States. 
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of igneous rocks that are low in silica but high in lime and iron 
oxides. To the last feature is due the importance of this region 
for its very abundant iron ores. It is marked with x’s on the 
map. In the southern part of the Mississippi Valley, about the 
Ozark uplift, are some small and as yet little-studied occurrences 
of granitic rocks, which seem to form a distinct region. 
West of the Miss’issippi Valley the comagmatic relations are 
more complex, as are the geological structures, but we can distin- 
guish some fairly well-defined comagmatic regions. One of the 
most clearly marked is that which extends from, and possibly 
beyond, the Canadian border through central Montana, where 
it is represented by several volcanic centres described by Pirsson 
and others, into Wyoming, and with patches that probably repre- 
sent it in eastern Colorado. These rocks are characterized by 
decidedly high alkalies, and with potash generally dominating 
soda. The areas are marked by x’s on the map. Covering the 
great plateau of Colorado, Utah, and Nevada, with parts of Idaho 
and ivyoming (including the Yellowstone Park), and probably 
in northern New Mexico and Arizona, is a large and complex 
region, the rocks of which are decidedly of average composition, 
distinctly high in silica, moderate lime and alkalies, and low iron 
and magnesia. North, west, and south of this is a rather ill- 
defined region, whose rocks are similar but somewhat more calcic. 
The first is distinguished by small circles and the latter by dots 
on the map. These regions need further study, and it is doubtful 
if they should be treated separately. 
In southern Idaho and in Washington and Oregon are the very 
extensive flow basalts of the Snake and Columbia Rivers, high in 
lime and iron oxides, which resemble chemically the rocks of the 
Lake Superior region and which are marked similarly on the map. 
The true relationship of these to the surrounding regions is doubt- 
ful. Along the Pacific Coast, chiefly in California, but extending 
to the north about as far as Puget Sound, there are indications of 
a narrow zone of decidedly sodic but rather highly silicic rocks. 
This may extend south along the west coast of Mexico, and may 
there be connected with the origin of the jadeite objects found 
in that country, the exact provenance of which is unknown. Thus 
may petrology aid archaeology. 
The long chain of the Andean volcanoes seems to form a 
continuation of the main Cordilleran region, which is continued 
VOL. rgo, No. 114o--sg 
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northward along the Aleutian volcanoes, and thence southward, 
along the west coast of the Pacific, through the volcanoes of 
Karnchatka, Japan, and the Philippines, and so on to the Dutch 
East Indies. This so-called “ Circle of Fire” surrounds a large 
area, that of the Pacific Islands, whose rocks are dominantly 
basaltic, that is, low in silica and alkalies, and high in lime, 
magnesia, and iron, associated here and there with occurrences of 
alkalic rocks. 
In Europe the various comagmatic regions are so numerous, 
so complex, and so little known from this point of view, that only 
a few need be mentioned. There is the extensive, though broken- 
up, region that embraces the British Islands and their outliers, 
with Iceland, Eastern Greenland, Jan Mayen, Spitzbergen and 
Nova Zembla, the rocks of which are dominantly basaltic. The 
highly sodic Christiania region in southern Norway has been 
well studied by Briigger, as has the calcic Bergen region by Vogt. 
Germany and Austria are filled with a complex of different re- 
gions, the relations of which are not yet clear, but which seem 
to be either dominantly so,dic, as that of Bohemia, or with basaltic 
tendencies. The Alps and the Tyrol form a central region of 
prevailingly granitic rocks which differ markedly from the various 
and different regions that surround them; this is a point to which 
we shall recur. In Italy is the so-called Roman comagmatic 
region, embracing the volcanoes along the west coast from Bolsena 
to Vesuvius, th,e rocks of which are decidedly unusual in their 
very high potash, with considerable lime. A zone of distinctly 
sodic rocks appears to extend from southern France and eastern 
Spain, down Corsica and Sardinia, through the island of Pantel- 
leria, into Tripoli. Hence, by way of Kordofan, this region is 
possibly connected with the highly sodic one that stretches from 
Abyssinia down the Ethiopian Rift Valley in East Africa, and 
which branches northwardly along the Red Sea and Arabia as 
far as Syria. At the east end of the Mediterranean, on the other 
hand, is a region embracing Greece and the Balkan Peninsula, the 
Archipelago, and western Asia Minor, whose rocks resemble very 
closely those of the Colorado plateau and of th,e -4ndes volcanoes. 
We could go on thus over the surface of the earth, so far as 
its rocks are sufficiently well known chemically. Unfortunately, 
this is not the case with many large, and otherwise thoroughly 
studied, areas or regions, such as, for instance, the Greater An- 
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tilles, Cuba, Jamaica, Haiti, and Porto Rico. But this very rapid 
sketch will serve to give the reader some idea of how diversified, 
chemically, are the different portions of the earth’s surface. 
It has been suggested by several prominent petrologists 32 
that the comagmatic regions may be r&erred genetically to two 
large types of magma or “ provinces,” called “ alkaline ” and 
“ subalkaline ” by Iddings, or “ Xtlantic ” and “ Pacific ” by 
Becke. The latter goes so far as to attempt to ascribe all the 
comagmatic regions to two areas, the one dominantly alkalic and 
surrounding the Atlantic Ocean, and the other more calcic and 
surrounding the Pacific. Harker, furthermore, would connect 
these two main types omf comagmatic region with two main types 
of crustal movement or stress, such as are recognized by Stress, 
which give rise to different types of coast, mourltain formation, 
etc. In the opinion of the writer such reco*gnition of blut two types 
is not consonant with what we know of the general distribution 
of the igneous rocks. The whole subject is very co8mplex, far too 
much so for proper discussion here, and the data ava.ilable seem to 
the writer to be inadequate for very broad generalizations 
at present. 
CHEMICAL COMPOSITION AND ROCK DENSITIES. 
The above outline of comagmatic regions leads us to the con- 
sideration of two subjects with which we may close this sketch 
of the chemistry of the earth’s crust; that is, the relation between 
the chemical composition of rocks and their density, and that 
between these and the theory of isostasy. 
In the preceding pages we have considered igneous rocks 
almost only from the chemical point of view. As we know, how- 
ever, they are actually aggregates of definite chemical compounds, 
minerals, mostly silicates. Furthermore, we know that magmas 
of the same general chemical composition may‘ crystallize as 
diverse aggregates of different minerals, according to the con- 
ditions that obtain during solidification. If we know the chemical 
compositions of the various rock-forming minerals, the quantita- 
tive mineral composition may be readily calculated from the 
chemical analysis of the rock. But from what has just been 
said, it is evident that the particular mineral aggregate to be 
32 For some general discussion of this and related topics, the reader is 
referred to: Harker, “ The Natural History of Igneous Rocks “; Iddings, 
“ Igneous Rocks,” Vol. i; and Daly, “ Igneous Rocks and Their Origin.” 
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calculated will depend on the conditions controlling solidification. 
It is also obvious that, if we know the mineral composition and the 
densities (specific gravities) of the minerals, that of the rock 
as a whole may be readily calculated. 
In the conception and elaboration of a system of classification 
of igneous rocks, that was proposed some years ago by some 
American petrologists, the chemical composition of igneous rocks 
was regarded as their most fundamental character, and therefore 
that on which their classification was primarily based. But, in 
order to recognize the fact that they are actually mineral aggre- 
gates and so’ as to be able to compare them one with another on 
this basis, in spite of the various pos.sibilities as to mineral com- 
position introduced by the varying conditions of solidification, 
the chemical composition shown by analysis is calculated, in terms 
of mineral composition according to one, uniform system, that is, 
one general assumption as to the minerals that are formed, or 
may be formed, from the particular magma. In this way, all 
igneous rocks are comparable and classifiable inter SC, both chemi- 
cally and mineralogically. The details of the procedure and the 
results of this system of classification cannot be gone into here, 
but may be looked for elsewhere.33 It will suffice here to say 
that the general principles which are considered basal are the 
so-called “ affinities ” of the various basic oxid,es for, first silica, 
and second alumina, which have been given on a previous page, 
and which are deduced from the general knowledge of rock min- 
erals. Carried out along th,e lines so laid down the results of the 
calculation from the data, of the chemical analysis give a mineral 
composition which, although ideal, corresponds with the actual 
mineral composition in the great majority of cases. 
Some years ago Iddings 34 pointed out that the density (spe- 
cific gravity) of a rock as calculated from the calculated mineral 
composition on the assumption that the rock is holocrystalline, 
corresponds very closely with the actual density. This fact is of 
great interest; partly because of its justification of the funda- 
33 Cross, Iddings, Pirsson. and Washington: “ A Quantitative Classifi- 
cation of Igneous Rocks,” Chicago, 1903; Washington, H. S.: U. S. Gcol. 
Survey, Prof. Paper No. 99, 1917. There is a considerable literature on this 
and other systems of the classification of rocks. 
34 Iddings, J. P.: “The Problem of Volcanism,” p. 123, 1914. For a 
later and more detailed statement, see Iddings, Amrr. Jaw. Sci. (41, xlix, 
P. 363, 1920. 
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mental basis of the classification, and also because it thus fur- 
nishes a uniform means of comparing th*e densities, not only of 
particular rocks, but of the average rocks of different regions, 
and quite irrespective of such factors as those due to porosity 
or the presence of glass. Follo’wing the suggestio’n of Iddings, 
I have calculated the average densities o’f the continents, the ocean 
floors (represented by the lavas of the volcanic islands in the 
Pacific and the Atlantic), and of the igneous rocks of various 
countries and comagmatic regions, whose average chemical com- 
TABLE IV. 
Average Compositions of Continents and Ocean Floors. 
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I. Earth. (5x79 an.&). Dens.zz.77. Ele~. = +ZZjz feet. 
2. North America. (1709 anals). Dens. =2.75. Elm. =x888 feet. 
3. South America. (138 an&). Dens. =2.72. Elm. =2078 feet. 
4. Europe. (198s anals). Dens. =2.75. Elm. =g39 feet. 
5. Asia. (114 ads). Dens. =z.72. Elm. =.3189 feet. 
6. Africa. (223 an&). Dens. =z77. Elev. =m21 feet. 
7. Australia. (287 an&). Dens. ~2.79. Elev. =8Oj feet. 
8. Antarctica. (103 an.&). Dens. =z.~Q. Elm. =? feet. 
9. Atlantic floor. (56 an&). Dam. =2.8j. Depth = -13,500 feet. 
IO. Pacific floor. (72 anals). Dens. =z.Sg. Depth = --14,8zo feet. 
positions were calculated by Doctor Clarke from the data in 
Professional Paper 99. 
Before we discuss the densities it will be well to examine 
the average chemical compositions of the different continents and 
ocean floors, the data for which are given in Table IV. It will 
be seen that they vary considerably the one from the other, as 
well as from the general average of the earth’s crust. Taking, 
for example, silica, the most abundant constituent, its percentages 
for North and South America, and especially for Asia, are de- 
cidedly above that of the earth’s crust as a whole, while those 
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for Europe and Australia are only slightly above this. On the 
other hand, the silica percentages for Africa and Antarctica, and 
still more for the Atlantic and the Pacific flo’ors, are very notably 
lower.:;j There is little difference, comparatively, in the figures 
for alumina, the alkalies, and the minor constituents, but those 
for the iron oxides, magnesia, and lime are distinctly lower in 
those cases where silica is higher and higher where this is lower. 
The continental and oceanic averages shown above represent, 
in fact, different comagmatic regions on a large scale but in con- 
cise form. Though the data for some of them, as’ Asia, South 
America, Africa, and Antarctica, are not numerous enough to be 
wholly satisfactory, yet there would seem to be no valid reason 
for doubting that, taken as representing broadly the general 
chemical compositions of the larger structural divisions of the 
earth’s surface, they may safely be assumed to give us a fairly 
trustworthy idea of the relations between them. In any case, 
they are the only large body of data that we have available, so 
let us use them provisionally and see to what results their con- 
sideration may lead. 
Before doing this, however, it will be as well to devote a 
few words to the average dens’ity of the crust as a whole, as this 
is an important factor in the consideration of isostasy, to be taken 
up later. It will be seen from the table that the average density 
of the crust is calculated, from th,e average chemical composition, 
to be 2.77. An average might be arrived at by considering all 
the determinations of specific gravity of rock specimens that have 
been made by the ordinary physical methods, and that are found 
abundantly in the literature. An average thus arrived at would 
seem to suffer from several disturbing factors that are eliminated 
by the method based on the chemical averages. Thus, it would 
include the densities of many lavas that are more or less glassy, 
which are decidedly lighter than holocrystalline rocks, and which, 
furthermore, are surficial rocks, not found at any consider- 
able depth ben’eath the surface. It would also ble seriously affected 
by the porosity of the surface rock specimens; and at great 
depths this must be very iargely, or wholly, done away with by 
the pressure of the superincumbent crust, as shown by Van Hise 
and others. On the other hand, however, the density determina- 
“If the analyses of the rarer rocks are disregarded, the density of the 
Atlantic floor is about 3.05 and that of the Pacific is about 3.10. 
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tions are probably more equably distributed among the various 
kinds of rocks than are the chemical analyses, which may reason- 
ably be expected to include a possibly undue proportion of “ in- 
teresting ” and rarer types of rocks, as has been mentioned. 
It is impossible at present to evaluate the relative influences 
of these several factors, but I might incidentally express my 
surprise that such a simple means of arriving at an es#timate of the 
average density o,f the rocks of the earth’s crust as is here sug- 
gested does not seem yet to have been attempted-at least nothing 
FIG. 3. 
Elevations and densities of the continents. 
seems’ to have been published on the subject. An estimation that I 
am now making along this line is not yet complete enough fotr pub- 
lication in this paper, but will be given later elsewhere. 
On the whole, after due consideration of the several factors 
involved, I am inclined to put much greater weight on the final 
result arrived at from the averages of the chemical compositions. 
This, also, is subject to certain possible corrections in the future. 
It would seem to be probable that it is somewhat too high, as it 
does not include any, or at least a proportionate, number of 
analyses of many large areas which are almost certainly generally 
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granitic, and therefore relatively light. This applies to the in- 
teriors of Asia, South America, Australia, and probably Africa, 
to mention the larger divisions, and also to smaller ones, such as 
Spain, Egypt, South Africa, the Greater Antilles, and oth,ers. 
It is impossible now to estimate the magnitude of this correction. 
On the other hand, if we are dealing with the rocks of the 
crust to any (humanly) co,nsiderable depth, such as th,e ten miles 
assumed by Clarke, and which might justly be placed at twenty 
or more, we meet with the possibility of a correction in the other 
direction, that is, toward a higher density. This conclusion is 
based on the ideas of Daly and others as to the existence of a 
basaltic substratum beneath the dominantly granitic outer shell, 
that is brought about by “ gravitative adjustment.” 
Balancing up these conflicting factors, I am inclined to place 
the average density of the crust at about 2.75, at 1,east for the 
uppermost shell, while that of 2.80 would probably be nearer the 
truth for the average of any considerable depth, such as twenty 
or more miles. In the present state of our ignorance and the 
paucity of our data, however, it would seem to be wisest to 
accept the figure given by the many analyses available, and assume 
a density o,f 2.77 as that of the earth’s crust. 
Geodesists have assumed a density of 2.67 for their studies 
of isostasy, as Gill be noted elsewhere. They take into their cal- 
culations, however, only the extremely superficial layers, including 
such strata as soil and light sedimentary d,eposits. As will be 
mentioned later, I am inclined to think that this estimate is much 
too small, and that the basis of their calculations should be a 
considerably higher density. That of 2.77, here assumed, or 
possibly better 2.75, would seem to be the best available under 
the circumstances. 
ROCK DENSITIES AND ELEVATIONS. 
With the analyses in Table IV are given the calculated densi- 
ties and the average elevations of the continents and the depths of 
the ocean floors referred to sea level. The general relations are 
graphically expressed in Fig. 3. The lowest graph is that of 
elevations, the uppermost is that of densities, while the inter- 
mediate one is that of specific volumes, or reciprocals of the den- 
sities, which serves better to bring out the parallelism. The 
sequence of the continents and oceans is arbitrary. 
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It will be evident from the Table IV and from the graphs 
that there is a close relation between the average densities of the 
continental masses and of the ocean floors and their average 
elevations or depressions. They stand in inverse relation to 
each other; that is, the higher portions of the earth’s crust are 
composed of the lighter rocks, and the lower portions of the 
heavier. When it is remembered that these relations are shown 
by a very considerable number of averages based on a very large 
number of trustworthy analyses (the largest so far available), 
from all parts of the.earth, the correspondences are too striking 
to be explicable by an appeal to chance or coincidence. This is 
even more obvious whmen we come to consider the relations in 
greater detail, as we shall do presently. 
In discussing this subject it must be kept in mind that we 
are dealing with the averages of large areas and of many analyses, 
so that small and local details are lost. Thus a number of volca- 
noes show flows of heavy basalt covering lower flows or inner 
cores of lighter rhyolite or andesite. Again, it is not uncommon 
to find sheets of heavy basalt capping plateaus or forming the 
summits of their mountain remnants. But such apparent contra- 
dictions to the general law shown above are but local and minor 
details, insignificant as compared with the immeasurably greater 
masses of which they form but topographic surface features. 
The general relations between rock density and elevation are 
also, and possibly more strikingly, seen when they are presented 
in greater detail, as is done in Figs. 4 and 5.36 These are based 
on the average densities calculated from the average chemical 
compositions of the rocks of different countries and regions, as 
determined by Doctor Clarke. These represent the general ele- 
vations and corresponding average densities along two zones 
around the earth, the one roughly between Lat. _40°--50~ N. and 
the other between Lat. IO’--20” S. It is to be understood that 
the graphs are much generalized, representing average densities 
and elevations, so that there is little detail. 
The outer circle is that of sea level, and the irregular line that 
crosses it is a generalized graph of the land elevations and the 
ocean depths. Though the positions in longitude are approxi- 
se For the suggesti,on of this method of presentation I am indebted to 
Dr. L. II. Adams, of the Geophysical Laboratory. 
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mately correct, the vertical scale of these is not tha,t of the earth, 
as represented by the sea-level circle, but the heights and depths 
are very greatly exaggerated ; otherwise the differences would 
not be perceptible in any practicable illustration. The portions 
of the land surface are, however, all drawn to the same (exag- 
gerated) vertical ‘scale, while that of the ocean depths’ is one-half 
of this. The elevations shown for the interiors of South Amer- 
ica, Africa, and Australia are the continental elevation averages, 
as given by Murray. 




and the inner broken line, made up of arcs, is 
that o,f the average specific volumes of the portions of the 
earth’s crust radially ab,ove the successive small arcs. Specific 
volumes (the reciprocals of the densities) are used instead of 
densities because the relations are brought out more clearly and 
immediately by the parallelism with the elevation graph shown 
by the former. The arc portions of the specific volume graphs in 
solid lines are the ascertained averages, while portions that are 
unknown, because of the absence of *exposures of igneous rocks or 
for other reasons, are indicated by dotted arcs, their radial dis- 
tance being roughly estimated, so far as is possible. These various 
arcs are connected by radial dotted lines. 
The centre of the circles is the locus of the axis, seen from the 
North Pole, and is at the same time the zero point for the 
two graphs. 
The graphs show the correspondence between elevation and 
specific volume so clearly that it is scarcely necessary to go into 
a detailed description; yet a brief summary of the northern zone 
may be of interest. This represents the conditions around a zone, 
which extends roughly between 40” and 50~ North Latitude, vary- 
ing somewhat north or south so as to include available data and 
complete the circle. The data on which the graphs are based are 
given in Table V. 
Let us take a little journey around the earth along the northern 
zone (Fig. 4). Beginning at the Pacific coast the land gradually 
rises across California to the high plateau of Nevada and Utah, 
culminating in Colorado. Thence it slopes gradually down, across 
the Great Plains (Kansas) to the Mississippi Valley. Along this 
slope practically no igneous rocks are met with, except for sporadic 
and little-studied occurrences in the Ozark ridge. The slight rise 
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seen in the Mississippi basin is the level of the rocks of the Lake 
Superior region (Minnesota, Wisconsin, Michigan). East of this 
(Kentucky) few igneous rocks are known except those men- 
tioned above, and the land slopes gradually up to the Appalachian 
TABLE V. 
Average Densities, Specijic Volumes, anl Elevations.* 












Africa..................... . 2.77 
Australia, 2.79 
Antarctica....................... 2 79 
Atlantic floor., 2.85 












Zone 40"-50' North Latitude. 
California. ................ 
Oregon and Washington ... 
Utah and Nevada. ........ 
Colorado .................. 
Ozark Region. ............ 
Mich., Wise. Minn ......... 
Appalachia (Penn. to Ga.) 
New England and N. Y . . ....... 
Great Britain. ............ ....... 
France ................. ....... 
Germany, ................ 
Switzerland and Tyrol 
Austria-Hungary. ......... 
Urals and Caucasus ....... ........ 
Pamirs ................... ........ 
Japan ................... ........ 
Zone IO’-20’ South Latitude. 
Andes. .................................. 2.717 ,368 
East Brazil .............................. 
Africa (East and West) 
2.745 
................... 2.77 :$Z 
Madagascar and Reunion. ................ .353 
New Zealand. 
2.830 

































































* For the hypsometric data I have consulted Murray, Scot, Geog. .Wag.. iv, pp. 1-29. 1888; 
Gannett, LT. S. Gal. Suruey, Ann. Refi. 13. ii, d. pp. 283-289. 1892; Bull. No. 2~4, 1906; and 
other authorities. 
ridge, and east of this, across New England in the graph, de- 
scends to sea level. 
The floor of the North Atlantic is rendered very summarily, 
and the Azores and Iceland are about our only source of infor- 
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mation as to the composition of its floor. On th,e east coast oi 
the Atlantic the British Isles rise to but a small h,eight (on the 
average) above its surface. The average elevation of France is 
slightly higher; that of Germany (which is inserted in the zone 
a little out of latitude) is still somewhat higher, and thus we come 
to Switzerland and the Tyrol, the culminating portion of Europe. 
To the east of this, with an average elevation slightly greater than 





Surface relief and specific volume. 
the low-lying plains of South Russia. East of these are the 
Ural Mountains, and then (bending somewhat southerly) we pass 
through Turkestan and Persia, and reach the very high Pamirs, 
the “ Roof of the World.” Thence the surface slopes down acros,s 
China, rises again in Japan, and again drops to the depths of the 
Pacific Ocean. 
Let us no,w see how the rock densities, or rather the rock 
specific volumes, correspond with the elevations. This inner 
graph, it is to be remembered, represents the specific volumes, 
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that is the reciprocals of the densities, so that it is inverse to 
what the graph of the densities would be; that is, the heavier the 
average rock the nearer to the centre is it on this graph, and the 
lighter the farther away. 
Starting with California, we find its specific volume arc above 
the average, and that of Nevada-Utah to the east still higher. 
The average of Colorado is a trifle lower, though the elevation is 
higher, and this is one of the very few notable exceptions to the 
general rule. We are ignorant of the igneous rocks beneath 
Kansas; they are indicated as but a little above the average, which 
is probably not very far wrong. Th,ere is a decided rise below 
the Ozark ridge (with its greater elevation), while the arc below 
the Mississippi Valley is represented by the small arc for the 
Lake Superior rocks, which are high in iron osides and with high 
average density. Of the rocks below “ Kentucky ” (east of the 
Mississippi) we know little, but the Lake Superior arc is con- 
tinued here because of th,e sporadic occurrences of some heavy 
peridotites in this region mentioned above. The graph rises 
sharply in the arc beneath the Appalachians, falling again beneath 
New England, which is distinctly b,elow the average. 
With the Atlantic floor we descend to an arc beneath it that is 
well towa.rd the centre, as its rocks are of very high density. The 
‘arc for Great Britain is scarcely above that of the Atlantic floor, 
that of France distinctly higher, though still below the average, 
while the arc below Germany is just above the average.37 With 
the Alpine and Tyrol arc we rise well above the average and here, 
just as in the elevation graph, we reach the culminating point of 
Europe. The arc beneath southern Russia (dotted) is placed at a 
level but slightly different from that of Great Britain because, 
though igneous rocks are rare in this district, there are occur- 
rences in Volhynia of very heavy iron-bearing basalts. The arc 
beneath the Urals is but slightly above this, corresponding with the 
heavy rocks of these mountains which, it is to be remembered, are 
low and little more than large hills. Of the rocks of Persia and 
Turk,estan we know but little, so the arc below this is dotted 
and slopes up to that beneath the Pamirs, or Central Asia. Here 
“The specific volume arc for Germany should be but little above that 
of France to correspond with the relative elevations; it appears to be 
much higher because very many of the German analyses of the heavier 
rocks (diabases, basal& etc.), the analysis of which is most liable to error. 
are of very poor quality, and are therefore omitted. 
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again our knowledge is far from precise, so that the arc is dotted 
and is placed at the level of that of the average of Asia, though it 
should probably b,e somewhat higher. Analyses of Chinese rocks 
are few, but they woulcl seem to be in general like those of the 
Pamirs, though a trifle heavier. The Japan arc is above that of 
China, and east of this we reach the wid,e arc beneath the Pacitic 
Ocean-the lowest of all, just as its rocks are the heaviest. 
After the journey around the world that we have just made 
in the northern hemisphere it seems quite needless to make that in 
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for himself, remembering that the available data along this zone 
are far less numerous than along the northern ; though we have 
good knowledge of the rocks of Madagascar,38 Eastern Australia 
and New Zealand, and fair knowledge of those of the Andes 
and western Africa and the Ethiopian Rift Valley. 
ROCK DENSITIES AND ISOSTASY. 
We come now to the final section of our s’tudy o’f the earth’s 
crust, the application of the data just presented to an important 
3s The average density of Madagascar is unquestionably less than that 
here given, as is shown by the many more analyses now available. The 
J)ec., 1920.1 THE CHEMISTRY OF THE EARTH’S CRUSr. 811 
theory regarding the stability conditions of the crust, the theory 
of isostasy. 
As far back as 1852 J. H. Pratt suggested that there was a 
deficiency of gravity b,eneath the Himalaya Mountains, bas’ing this 
on the ;momalous behavior of the plumb-bob.“” He also pro- 
pounded the view that the heavier portions of the earth’s surface 
were sinking. Later, Dutton 40 first clearly expounded the idea 
that the various portions of the earth’s surface, being laterally 
unlike or heterogeneous, are in a delicately balanced condition 
of equilibrium, so that the lighter portions (those of less specific 
gravity) tend to rise, and the heavier (those of greater specific 
gravity) tend to sink, the various portions thus balancing each 
other. This theory, later called isostasy (meaning equal stand- 
ing), was taken up by Hayford, and he and William Bowie, 
of the U. S. Coast and Geodetic Survey, and others,‘l have done 
much to develop it, especially as regards its application to gravity 
problems. While still in dispute, especially as to some details, it 
is a well-recognized and generally accepted geodetic theory. 
It will bse well to quote, in part, Hayford’s definition -12 of 
isostasy. Assuming a condition of lateral heterogeneity, he says : 
“ Different portions of the same horizontal stratum may have 
somewhat different densities, and the actual surface of the earth 
will be a slight departure from the ellipsoid of revolution in the 
sense that above each region of deficient density there will be 
a bulge or bump on the ellipsoid, and above each region of ,exces- 
sive density there will be a hollow [depression], relatively speak- 
ing-. The bumps on this supposed earth will be the mountains, the 
plateaus, the continents ; and the hollows [depressions] will be 
the oceans. The excess of material represented by that portion 
of the continent which is above sea level will be compensated for 
by a defect of density in the underlying material. The conti- 
nents will be floated, so to speak, because they are composed of 
relatively light material; and, similarly, the floor of the ocean, on 
this supposed earth [will] be d,epressed because it is composed 
density 2.83 represents more properly that of Reunion, and thus that of 
the floor of the Indian Ocean. 
” Cf. Iddings, J. P.: “ The Pr,oblem of Volcanism,” p. 64, 1914. 
” Dutton, C. E.: Bull. Phil. Sot. Wmh., xi, p. 51, 1889. 
“For some references, see Iddings, op. cit., p. 65. 
Q Hayford. J. F. : “ The Figure of the Earth,” p. 66, 199; cf. Bowie, W. : 
U S. Coast and Geodetic Swz~ey, Special Publicatiorz No, 40, p. 7, 1917. 
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of unusually dense material. This particular condition of approxi- 
mate equilibrium has b,een given the name isos,ta,sy.” 
As’ has been noted above, in the case of northern India, it has 
long been known, from pendulum determinations of gravity, 
that in many portions of the earth the observed force of gravity 
does not correspond with that calculated from the form of the 
geoid, after making corrections for the influence of topography 
(such as the attraction o’f near-by mo’untain masses), and for the 
elevation of the station above sea level. Thus, it has long been 
known that gravity is, on the whole, greater over the ocean than 
over land areas, and this has naturally been connected with the fact 
that the rocks of oceanic islands are mostly basaltic, and there- 
fore heavy. 
These departures from the normal are known as “ anoma- 
limes.” They may be either positive, when the gravity is above 
the normal, or negative, when it is below. The anomalies have 
been studied with great care and in great detail, especially by 
Hayford and Bowie in the area of the United States, who have 
invoked the theory of isostasy to account for them. This ex- 
planation is satisfactory to a very large extent, but, as Iddings 
says, “ There remain anomalies of density which need to be 
accounted for.” On the whole, however, it appears that the 
theory of isostasy “ obtains for the major features of the earth’s 
surface.” It may be suggested here (though the matter cannot 
be discussed), that the discrepancies may be due, in part at least, 
to the fact that the geodesists have taken account of the rock 
densities only of those portions very near the surface, mostly soils 
and sedimentary rocks, and have neglected the deeper-lying por- 
tions. The average density assumed by geodeGsts for the sur- 
face rocks is 2.67, while, as we have seen, that of the igneous 
rocks of the earth’s crusts is 2.77 or 2.75. 
It will be seen that the idea o’f the continental masses being 
composed of light material, while the ocean floors are of heavy, 
is by no means new. Up to the present, however, there has been 
no quantitative verification of this, except for the few figures 
covering limited areas given by Iddings. The data given above, 
with the graphs, therefore, are of special interest as’ furnishing 
a first approximation to a knowledge of the actual specific gravi- 
ties of the various portions o,f the earth’s crust. It is evident 
that they are, on the whole, and even in considerable detail, quite 
in harmony with the theory of isostasy. Indeed, based as these 
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figures are on a large number of data (the largest by far yet 
available) from all parts of the earth, and showing such a com- 
plete harmony between average specific gravity and average ele- 
vation everywhere, they may fairly be said to be more than 
coincidental, and to constitute almost a conclusive proof of the 
general validity of the theory of isostasy. 
One further point of agreement may b,e mentioned. In Fig. 6 
is given a map of the United States reproduced by Barrel1 43 
from Bowie, showing the distribution of the gravity anomalies 
FIG. 6. 
Dotted portions: Areas of positive anomaly, excess of mass. Due to surface too high or density 
of upper crust above mean. 
Blank portions: Areas of negative anomaly, deficiency of mass. Due to surface too low or 
density of upper crust below mean. Gravity anomalies in the United States. 
over the United States. Let us compare this with the description 
of the comagmatic regions of the United States (page 796). In 
Fig. 5 the dotted areas are those of positive anomaly (excess 
gravity), while those not dotted are of negative anomaly (de- 
ficient gravity). 
In the extreme northeast is a small area of pos.itive anomaly 
about the Adirondacks, which corresponds with the small comag- 
matic outlier there of the Canadian Shield, of which the rocks 
are above the average in specific gravity. The greater part of 
Maine, with its granites, of lo,w specific gravity, shows negative 
anomaly, and this area is continued down along the Appalachian 
Q1 Barrel& J.: Jour. Gd., xxii, p. 153, 1914. 
VOL. IQO, No. 1140-60 
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region, the rocks of which are of general low specific gravity. 
The small areas of positive anomaly in eastern Massachusetts, 
Connecticut, and New Jersey, may pro’bably be connected with 
the extensive Triassic flows of heavy diabase and basalt which 
are SO common here. Around the Lake Superior region we find 
an area of very high positive anomaly, which corresponds with 
the high specific gravity of the rocks of this region. On the 
other hand, in the Missouri-Arkansas-Oklahoma region is an area 
of pronounced negative anomaly, which corresponds with the low 
specific gravity of the region of the Ozark uplift. East of this, 
in Kentucky and Tennessee, is an area of somewhat high positive 
anomaly, and this is in harmony with the supposition made above 
that the rocks underlying this area are decidedly heavy. 
Towards the west the relations become more complex, just 
as is the geological structure and as are the comagmatic rela- 
tions. VVe camlot h,ere go into details, which are reserved for a 
future publication, but the general area, of negative anomaly 
covering the Colorado and Nevada-Utah plateau, consonant with 
the light rocks here, may be pointed out, as also the small area 
of high positive anomaly in Washington and Oregon, which maJ 
be connected with the very extensive flows of basalt of the Snake 
and Columbia rivers. 
More might be said on this topic, but sufficient has been 
brought out here, it would seem, to show that there is a coinci- 
dence, even to very localized relations, between the average spe- 
cific gravities of comagmatic regions in the United States and 
their gravity anomalies. Also, they appear to be too concordant 
to be the result of chance, so that we are justified in assuming 
that the two are causally related and that th,e theory of isostasy 
is thus justified. 
SUMMARY. 
After brief consideration of the interior of the earth, the 
general characters of igneous rocks are discussed, and the pres- 
ence of water vapor and oth,er gases in the magma, and its analogy 
with a salt solution, are pointed out. In the discussion of the 
mineral characters of rocks, stress is laid on the fact that the 
number of essential rock-forming minerals is very small. These 
are mostly silicates of Al, Fe, Mg, Ca, Na, and K. Any two 
or more of these minerals (with two exceptions) may occur 
together and in any proportions. 
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The chemical characters of igneous rocks are summarized, 
and the ranges and maxima of the various constituents are given. 
The average igneous rock is considered and, after some discus- 
sion of the sources of error involved in the calculation, a new 
average in terms of oxides (based on 5179 analyses) is given. 
The average rock is shown to be approximately a granodiorite. 
The average composition of the earth’s crust in terms of ele- 
ments is also given. Twelve elements (0, Si, Al, Fe, Ca, Na, K, 
hlg, Ti, H, P, and Mn) make up 99.61 per cent. of the cru5t. 
The elements are referred to two main groups in the periodic 
table : ( I ) The petrogenic elements, characteristic of, and most 
abundant in, the igneous rocks, of low atomic weight, and occur- 
ring normally as oxides, silicates, chlorides, and fluorides; (2) 
the metallogenic elements, rare or absent in igneous rocks, but 
occurring as ores, of high atomic weight, and forming in nature 
“ native ” metals, sulphides, arsenides, bromides, etc., but not 
primarily oxides or silicates. The suggestion is made that be- 
neath the silicate crust of petrogenic elements is a zone essen- 
tially of nickel-iron, and beneath this a central core of the metal- 
iogenic elements. This vertical distribution is in accord with 
Abbot’s views as to the distribution of the elements in the sum 
In igneous rocks and minerals the elements show a correla- 
tion, in that certain of them are prone to occur with others, 
and a similar, limited correlation is apparently true of the animal 
and vegetable kingdoms. 
The idea o,f “ comagmatic regions,” that is, the distribution 
of igneous rocks in regions of chemically related magmas, is 
discussed, and some of these are briefly described. 
The calculation of rock densities from their chemical com- 
position is discussed, and the average chemical compositions and 
densities of the continental masses and oceanic floors are given. 
It is shown by these that the average densities of the continents, 
ocean floors, and various smaller regions of the earth stand in 
inverse relation to their elevations. The bearing of this relation 
of average density and elevation on the theory of isostasy is 
pointed out, and it is shown that the data presented are confirma- 
tive of the theory. 
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